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7,_~would_be the ease with - whi

1. -NTQODUCTIOV

T

R T | 1. Hls Ory 01 Prob -

Opérationsal £light trainers have beén used for many years in
the trajining of airplene pilots. The original Link Trainer is the
most familier of these. Present day fliZht treiners are complex :

) devices which involve computers which solve, among othef things, the

o
NN

equation of motion of the éirplane in space in order %o obtain

information niscessary to provide not only realistic but,téeerétiCally

corréct instrument readings and stick end rudder fiorces in the cock=

191£ bfm§He:£ﬁa§héi. The computers ﬁsed in a1 tra1ner° “Wwhish h

beeh'buiit'up to the présént time are of tha-analoguertypé; The
question uatura31y arises thet., since uigital computers ha"e ‘beén.
buily which can obtaein m@fg»a;cgggée solutions of certain systéms of
equation§ in Yesg timeé than analogaetcomputérag'ﬁhy cannot digital

compute be uged to advantage in the cons? ruction of operational !

fright tralners? Ib hes also besn »uggeeued that possibly & 81ngle

S

‘0”
‘“S‘j\

" gigital eomput h Y& amsociated With e nimbet or’cocxpirsu'anﬂf::

REpvrrpui
|

80 make it pqssableufo;:a group of traifices to recdeive simultaheous

n e Ay

instruetion, Another and Tery real edvantage of a digital:édn@utér

ich it could be changed frém simulation of

. 7
lené to thet of another‘plane and tack againg i

¥

the ?erionma4ce of c =3
In ¥t§ early stages Project Whi?lwind was a moxc ambitiocus

Tt was hépé& at one time'ﬁhét the

program along thiess. Same llnes.

. Whirlwin
aiﬁplane-so Weﬁl. QVen»incid&fng strud%qﬁai'defbrmatidhs‘iﬁ flight s

that it eould be uged 9 e eértain extefit in oplace of aghinal &imewie

?
|
!

P T L I R
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ments on pilot modéds to guide the design -of new airplahes.
The present projeét ¥s & little more definite gnd less: ambitious

in %5 Scope:. The Mooce School of Electrical Engineering has been asked

e

by the Special Devices Center Office of Naval Research to make & de=

tajled study of the requirements of & digital -cgn,xpu-‘ﬁef for uge in an

e P o oy
o s a4,

opérational.fii@ht,trainér to simulate the Gruimon F~9-F airplaneo
This plane #&.. chosen partly because & sSuccossfu operational flight

..tralne. for th1< plane has been buzlt by the En 1neering Research

“'fporaticn, Rlverdale, haryland. The equations used by HRG0 in the

design of thelr trainer are the starting point of the presént atudV,'

' The requirements of an Operational Flight Tﬁaiﬁei-imp@éé &
number of conditions upon a computer that are nét'pfesené in most
general ﬁurpésS'computer&. : .

- 8o Real time simu¥ation

The solution of the équations must be accomplished et g
uncb that changes in variables must moke their ef fec*s felt as qulokly
&8 the corrésponding effects would bs felt by the pilot of 4 roal -

plane in flight. Thot is the solutions must kéep pace with real ti’fr’hé.

" oAtl ne
a4V
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at any time?

Sincse anrairpiane.in’flight iSrawccntmoiléé,sysﬁem»in'whi¢h
the,pilot‘is.a,pant Qf‘thé;systémg‘prQVisiQn‘must be madé.for‘iﬁﬁfbé‘
ducing the effects of pilot caused motions of the control surfaess at

ahy time, #&s explained moré fully in Section 4, theSe Fotions, which

ﬁmzmuzzsggmmnﬁmsz#nm;ﬂnmnmmmnﬂ=#=n%zaﬁuimmmmﬁuummumn«agggzzmmn-ma§wmﬂm§uﬁyaﬁa-numuimﬁﬂgﬁﬁﬂa=!mﬁ-ﬂaﬂﬂlﬁ



cuniot be predicted on the basis of past history, have an important
bearing on thé numericel methods of ihtegration used in a digitel
computer.,

¢. ‘Conversion from digital %5 contianous information and

back,

>

The informetion coming from the pilet (stick, ruddery and
throttle motion) are éqgtinuéus, and the informetion delivered to the
. pilot (instrqment'rea&ings~gn&‘céﬁttcl loading) are also continuous,

Therefore, conversion &pparatus in both dirsctions must bé provided

| 7 if a digitel computer is used. This epparetus is simflar to input;

output eguipmnent £brlsena§éi‘puI§BSé-digiiél computersy except that
for a flight*tfdine?iit‘ﬁust be‘fast,enqﬁgh €0 kedp up with real time.
‘~d@~Ghangé of equations for ground ond a;r'bperatién.
t An operational flight tfaiﬁef nust similate the plans wﬁen'

warming up and taxing on the ground; and during take off and landing

a§ Wéll as in the air, For thess various coﬂdiﬁiéns,thé‘equationsfane

in some cases -entirely differént and in most cases not exhctly the

Samey 80 that provision must bé made fior soivwing the proper equations

o

undef the proper conditions, and for making reasonably smooth trans.

!
!
:
{
{
e

sition frcm one solution to the others ‘ _ - o

Let us ¢ansider what is meant by accuraéy of solutions Consider

threo hypusheticel experiments.

(a) Suppose thgt & pilot in actual flight executes & certain

meneuver o humber of times end that we wete able to record both the

v .
u

. .
= i




movenents. 6f the stick and thé resultent motion of the plane.

By "maneuver® is meant e series of control 'mofs.'ioris by the

- pilot $tarting and ending In undisturbved level flight. Exemples

- . wolld be an Iimelfien tufn or a dive and pull outs o

Gall the records of the resultant motions the trué motion.

Now suppose that a digitel flight treiner were to be built and two

T T “experiments performed upon it. T T
: (b) Let the recorded motich .Qf tho stick, for one of the réal
. maneuvers be fed into the trainer and the simalated @otion of the
trainer bé recordsad, :
_ (c) "Le_t- the same pilot get into the .‘.;zvaiing.:;’ apd be aslr"q te o
execute the samé mensuver a nuiiber of t’i‘iﬁeé_; “ahd the Simulated
motion of the_tt.a.;inefrr r'ecéz;idéd for sach TaNeuvers 7 - i

Now let u§ meke comparisons of the hypothetical records
obtained i &ll of thess casss.

The records of the true motion (a) and the simulated motion

-, 41 éxperiment b ecould be e‘xpeéte,jd‘ to diffler for threé reasons:

1. The Squations used do not entirely describe the motion. f%

2, In the real £1ight ceftain disturbonéés such as changes

in wind ¥eélocity weré present. that the trainsér did mot sttempt to
e e - e mdmda e e

3. The trainer did not solve the equations with perfect

abiurasy, = - .

’ However, this comparison wouid be of little use since it wesld
be éntirely impossible to distinguish between t‘}hesé"éauSes of in-

LEtouracya - . , - G L

v . R R —

»
L%

B R Y R A e



Srie “ o = = - e e o e e S e A e S e e e B ST
- e TS T = P - N - Ll

Now~sqppuséxthatwall of the records of the real meneuvers
experiment C@J'ﬁé-cgnSideredw They will differ among, themselves
because the environmentael condition§ were not thé sems fer gl
manﬁuversi'gndfbecaﬁsé it would be impéssible to expect the pilot to -
produce éxactly the Sameé stick rudder and throttie motions each time,

The records of the siimulated motions in experiment 0. would

- - P

e o s Eemin i b e F e o e R et N e 4+ D o ot B s+ et b i s ot b et A e i 4w e e e e

be expecbed to differ less amonz bhemseIVes beoause in thls caSe the

-environiental conditions cotld bé made the same for each-Simulated

maneuver,

©

. Now suppo¢e_tnat some kind of statistical study were made Of

the. records of Lhe real £3 gg-t~63pégiment (=) SQQh that.gpygg.and

_ R - . PR — —— — - -

lower bouirds could be determined for sach of the motion variables 9

as functions of time, If all of thé rfecords of simulated motion in

' _ ' experiment ¢s fell Within thesé bounds for all possible'maneuvers
then the ﬁlightlttginef-cOuld.be'consiéege§~a.perféqt simulator of

the ggﬁqgl,métiOnréf the plane, The conclusion to be drawn from this

7reasoning is that the comnu?er ey intrcﬁuéé 1n&ccuracles 1n the

simalafedqmotlon varlables s8¢ long ad thesé fnnccuracies do ot cause

B S o e i e o,

thé motion of ﬁus simulocor to &3 ceed tha limxts to be expected for

P S
.

the game maneuver in actual flight,

ying oIl ifanméﬁbai'tgﬁdi%iaﬁ@ afid piiot

motions the valued of motiOQ'eriaBleS‘mﬁght well differ by as muqhi
28 ten percent in two aatual-executigns pf;the éamé'éﬁﬁeuvers by the

-same pilot in the same airplane, high securagy 15 not necessary in e

Fright troinef. - fn this basis o computer which produced o sclution

> v -

- S S S—
B R R .
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whish differed from the ﬁrﬁe golution by as much as ten percent &t |
times would be entlrely accepteble provided the ten percent represenced

the maximum deviation from the true so%u%iéxx;_._ Ifi tarms of & digital

coniputer the‘maiih;ﬁvabgumdiated &rror should be less than t¢ﬁ~§ercent

in o time sensible to pilot, This means that the error inié single

step in @om?g%&i;:ion mugt be much: 1ess than ten percent, How much less

is & funttion of the; equations being 5o0lved and the length of the com=

1.4 SUMMARY OF RESULTS OF STUDY

R T A LI T ATyt . i

154§1C7ManipuiatiOﬁmﬁfLGTVenfEdua%icns

As. mentioned before. the equations used by Erco formed the

stearting point of this study, As 1s é¥plained fully in Sectlon 2, it

was found possible fo réﬁriﬁe the equations in & form—which ﬂqqunot.‘
coritein. the Buler ang]es explicitly, end ‘thus ©o eliminats the infiAits

: values of function° of these angles that occur for certain asnevts o ]

.

the airplané. Also as explained in Seatlon,3, P.3:3 §omeAtggggnometr;gu'

‘fuﬁétion33 which arse Uime consuming to compute digltally~ wereé ap@rcxar

~  imated. ‘The computations in Sectioh 4 show thet these approximatioss

-- : did not alter the acturady of representation. Last%ya—as is explained

?

in Section 2 digitel machines afe‘usually designed té‘handfé only

A"numbers Jess thar one.‘ On this account new variables wére introauced /
) i
such ‘that no nurber appéé«ring, in any equation is greater them ome, A !

complete li-st of the finel A‘e'qua)tionsf starts on page 228,

1,4-8, ProgrammingAOf JEguations

The equations mentioned above were: then programmed for digltul

- « %




~ eomputation, By'PrOgrémmiﬁg,iSTmeant the process of breaking down

a1l complex slgebraic formilae, and numerical ;rtewratlon flormmlae

By

into the basic operations of additien, subtr tmon, multipl iéation,.

) and 4ivisiéh, plus som@“dthér‘bparation3~like shift and transfer,
peculiar to digital computers, Pregramning should e distinguished

from encodirg, which is the translation of & prograii into the partic-
ular language~of e digitel computer, The programming is explained in

detadl-ir Section 5.2 and is given in char%~foxﬁ-in'£1gureg 5.2=2 to

memory spaoe ogn' be obtained, Thoss ake sumharized in the following

\ ' 5.2-9, From the program & count of the total operations and the totei _
] tables

' 4— o o a ikchine cf'_
Hurrieane Section 3.9

|

x, ' Time for one computing cycle - - . 0.22 sses, - 0,1 secss
| Memory cells \ 276842960 5532-5424
| . B

| : :

\
|

"~ This «count is baséd on thé,uSe of thé égu&tidns es listed in

L.

Section 2,7 and 6n & representative integratlon formula nP the Adaiis=

©

"BEEKT@?%HVﬁypé, 'The-QQQatfch ii§ﬁ€§ prqvidé co .t;u“Ltyuﬁcr all

transitions from aif to ground end ground 6 air, Howsver, since the

usual integr&tionoﬁérm&iaé‘ééll for e eér%ainuamount of "overlap® or

B -

ing ol -pastvalues, the programming of | urar51tlons is depend- ]

s
<A

ant on the inteﬁrauion formula selected Hance. 1f o d%fferént inte-

Vrati"n formula werd to. be ased 1t might make & considerable chelge

both in the time and memory space. Howevér, the nuribers given ere gqpa
: resentative of order of meghitude, and for the equations used would

Aot wary by a8 much as a Pactss of two,.

| -

S ] o Ul
8

\ -

\
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1 4 Adouracy. of mig‘gal Sok

The timés for one computing oyéle given in the table of the
- preceding section aie Fepresentativé of time consumed By typicel
4igitel computers in carrying out one step of ocmputaticn. If this
time 15 less than\a real time increment which; for the method of com=

L,
putation used, assures sufficient accuracy of the solution, then a

PPN

4lgitsl computer will perféim satisfactorily; if not, the compiter

- - “wilY of course fail to keep up with :;668;15 %ime., In section 4,4 the

theoretical computations of the errors in & metho&‘of'intagtétiégs

of seVeral mencsuvies using the Flight trainer equations presented

in this réports‘ The conclusions of fhiSisééiigﬂa@ny Yo summariged

a8 follows:

=

greeter than those predicted taking into account the usual

b, Ths csuse of this additional errof is two-£old.. First,
there is the inﬁerantsingbﬁlity of any 6pen method of inte-

gration to predist the sffect of e chenge introduced into

frito the eguatiohs {by the action of the pilothaft§?\ﬁhe

Secondy whén {as in the cass of the fIight trainer) there'é§e 
meny simulteneous equations invol¥eéd; & disturdense inbtro=

\ ' ' duced into oré equaticn may, take many eteps of colputation

0 make its effect felt in the otheF eguatiohs, The second

sourdée of er£9f~(ca;1ed complianse error in this report) is

- called the modified Moulton Method are compared with hand computations ,

i , 8o ‘?he’enrogs\occgtiﬁg.in the hand computation are wmuch - -~ -

. round~6ff and trgncatioﬁ\erréf; ) e I

. : : _ integration for o particuler step in computetion has. stertedn . . ..

!
—

- I
| R SR R
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identical with errors caused by the time delays in the
componenté of an analogue ocomputer,
T, These errors sen be redutted to aoceptabie valies in

three ways, First, by decreasing the real time increment

- eorresponding to a step in computation. Second, by using

repeated closurés for the same real t*me 1ncrement This

- is anaTOgous to using feedback in analogue computers.,
Third, by using a more gompi;gate¢'methcé of ﬁnﬁegration
thet takes into account in oné step of oomputation the
effect of a disturbance on-all thé equations involved,
instead of only the aqu&tion-into,Wkich.it is diréctiy

“ihﬁreincé@J ébvious;y, .any of théfe metheds will lengthen

the. time taKen by the computer for ome oycle of computation,

e ‘"““'ihé*63péfiﬁental computations indicate that the Moulton meth&; i

with o move than three closures &t 1/16 sédond tine 1ntervals wculd

b6 satisfactory for the manceuvres, comy' ted, Three closures would

triple the. time for ohe &dmputstton Gyole est. imataa in Teble of Sec~ |

< tien 1,4-3, that 1s 0,3 sedonds for the faster ,machine. Styce this

is grester than 1/16 second ( 0625 seoonas) this machine could not

keep up with. raal time. Similar temanks hold for the Modified . -

PR D T e e - -

[P - ST

These: conclus‘ons are based on the equations of the F-9-F
airplane as devebﬁﬂed by the. uugineer* g Researeh Gorporation Wh&eh

formed the starmlng*voln*wof fhis Study,
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as N& 'e;ci‘g_tjeng or soon to be completed di"g;'itai computer can z
solve the giveh equatiéns of a single airplene in resl time

— A -

Ity the calé of the Mbultoén Method of Integraj»tibh {whigh appears

to the writers to be the best of the comnomly used methods)
the fastest digitel ocomputer cohsidered would e too slow by

at least o factor of thres, In addition; a memory capacity

~in the neighborhood -of 5000 binary numbers would be necessafy,

which exéeeds thet of most existing or projected machined,

b: In view of coficlusion (a), 1t follows that no existing

aigitel computer ean solve the given equations for more than

ohe &irplane simuitaneously in real tiime,
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21 B e
SYMB o Ls |
- In the list of symbols that follows, génerally the dimehsjons are
g-; rén nréther thed the units invélved. In order to find what the units
) are, pie,a;Sé' refer t6 the Iist of transformations;
A . quartity computed to makeé taKecoff dscision
B quantity éoinp,uffed to. moké two-wheel decisionm - . .
C,I,;i’ CL;’ CL.g' 1ify coefficiert B
: Cy» Cp, cOSefficient, functiomns of My tused to coimpute My .
) €y cosfficient used 10 compute M,H L
D quantlty computed to determine thrust T -
E - ,qu,agfgity complited $o determine vhrust T - - - - o mmes g
- Ty vesulting breke force '
Fpp fores - applled to right brgke pedal <
Fy;  fofce applied to Left brake pedal °
R 7 H quantity computed determine thiust T B e
Ixs Iy Iz.f momehts of imertia 6f airplane with reference to the [
; : ’ ' . X, Y, Z axes reSpectlvelv R
J  quantity intPodiée in determmatmr- <of thrust, equals a definité
- T - ) povltlve humber or zéro, depending on whether or
- not water is 1n3ected.
T{F, KG’ KN faﬂ’cws that show effsct of fJ.aps, 1a.nd1 g gesr, and nose
- . daroop. ST
LV utvt, HyV, moments about the wind tunnel axes Xy, Y, Zy
- ‘ . respectlvely. Positive directions determined oy
right hand rule.
e ez Mo mdeh-number o e [
Rx' RJ ranges of the p cu.ane North and: East ¢ the érigin during a préblem,
S;  rate of ice formation - 7
v S5 - rate of fli"i'ng ammuaition

oo
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‘ .
* St rate of fiiel consumption from body tank.
Sy rate of dumping body tamk. -
St rate of filling body tank. '
Spy  rate of transferring fuel from wing tank to body tamk.
Spy  zaté of dumping wing tanks.
Sgp  rate of filling wing tanku.
T thrusts o , ) ) . : T
. Iy résulting brake torque. -
Vy airspéed. .
.- W ~weight of plane. . — .. .- "
_ Wy maxinum weight of plane in pounds (figure used in equations : -
i e N ig 15,C00). ) ]
T T e ~ weight of dgg. — - T T T T
. wa‘ weight of disposable portion of ammunition.
< ey, weight of fuel inr body tank -
Wey  weight of Luel in wing ténks.
X airplane longltudmal (roll) axls,, or force along ‘bhlS axis,
) Positive forward, - o ’
Y a1rnlane Yateral (pitci) akxis, or force along this axis,
- jpositive to starboard.
Z ‘a1rpla.1z° norm,a‘f {yaw) axis, or foree along this axis, posﬁnve-
- e e e s o - downward-whHen &fvplane £8 in fiormedr upmght e e
7 - : e_attltu‘de:_‘ ) X
Xy Yy, 2y wind-tunnel -axés, X artd Ly, dufer from X and Z by Lhe- anﬁ'le :
of attacka while ¥, coincides with ¥, 1
Xtvt; Yy Vi Ztvt fotces along wind-tunnel axés.
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SYMBOLS

- a function of l\aa used to compute Xy

Y

b functié;,ef‘Mé used to compute X%: -
bix  amount of ice collecied on the plane.
c function of My used to gomputé Xt!

4 distance in feet: ©of airplane center of mass aft of reference :
: point. S
& - acceleratlon of gravity 32,1 . 18. C ]

h altitude above §3§‘levelt

hy —altitudefof'ianding field, ‘ .

k coefficient appearing in . e’hk whvch in turhr aecounts for the
B - variatlon of air de481ty with &dltitude -above sea
i . 1(‘3"61 ) ] R i -

N hl;;‘ﬁ%; Dyy 12,,m§FJ§ 2i gy m@,rns d1rnct10n cosznes relating the air-
- ] : ) plane axes to axes fixed to the. earth.
m slope of airpleme 1ift curve, )
o , o .eng:'.;r;e:sp‘ ed {propértional to REM), used to compute thrust ‘T, :
%5 minimm idling syeed, . . I

Py G T anguisp VélocitiQSfof”the)piépe—abﬁuﬁ % Y, Z axes respectively.,

S time if seconds. = :

2L~v,‘w-feigcitiES‘alopg\X;‘ﬁ; Z axes respect&velym

A AN | e ) n

. S g &isplacemen nt 6 of plane to the North of star*lng pclnt
Yo spiacemcnt of alrpaane tﬁ'Eéit;gﬁ~s$§rtiﬁg¥§eiﬁ$;~~*—“——’““’“‘ T o
. :
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SYMBOLS

Dot over & quantity ihdicates a functlon proportionsi to the Ine

) . derivative of the quantlty.

&  zngle of attack. Afgle between X axis and rOJectlon of
rélative wind oh the XZ plene, fve. angle
~ between X end X, axes. Positive when
’ positive X, 1ies between nos1t1ve X ang.

) surface deflection, subscript indications as follows:

|
|
\
|
\
l .
‘ & a;leron, positive when lef aileron is down,
‘ e Plevator, pos1t1ve downward,
7 ] ) - fd Dive flap )
bl Rudder, pos1t1Ve to.the left;

A Eulerlan angle of piteh, Angle between X axis end a horlzontal
) planetpos1t1ve for nose up, . : -
Y Eulerian angle of ‘heading. The angle a vertical plané -
S - - through the X axis makés clockwise fram true
£ Horth.,.
N -8 Eulerian.angle‘of roll. After ¥ and @ have put the X axis in -

the corréet spacé position, the airplane is
rolled about the X ‘axis tnrongh ¢ to put the
Y &g 2 axes in preper'pos1tlon.

e, -

€y €5, €5 - correct1ons applied to d1rect10n POSIDGS to normalize thein,

$; - angular setting of throttle.

b & [V —— . - - --— —
N S S
<
&,
. — e — - = —
- — —_——— —— - —— . &
et e T - = 5=
S
%
<
P
. =
~
R 5 -~ i & ) ¥ T A TS By Y SR AR~
e T R T T S SR T A T e

p051t1Ve Z : e




The equations of métion of an eirplane weré moediffed by the

ﬁhgipeering Research Company to make thef suitable for solution by
én~ana1bguertypé‘compﬁtéfa~‘Thesg»mﬁdiﬁied~equatiéns are referred to

in thig report 5 the ERCD-equations or the given équations, It s

‘evident diet the ERCO modifidations might e desirable for ax analemue'

- . eemputer‘%“ile:cthg; modificotions might bé desirable for o digital

_ computer. Tt hes in faot Been found desirable to change the ERGO

" equations in some respedts to meke them more suitablé Por solution by

mearis of digitel computers; sid it i ths burpose of this section to
;discdSQRthese alterations.,
7 For examplé, it wes. felt. that the prescnec of.Euler.angles

. woqld preéent aifficultics. becwuse the Kinematic equations might lead
4 ' to division by small guantities; One of the first steps, therefore,

-~ was to eliniinate the Euler ang gles from the cguwtidis as -outlined bedow

‘ in B, 2,3@
~The determinotion of functions éuch as sines, cosines, expo-
nenti ls, and: ‘other arbitrary functions ean be hendled easl;y by
’ analogue Gomputer; but not by o digitol machine (sea Ssotion BY.
Gggsequently~for the divital éimulator contemplated herg,”thase func-
5 tidns atre dctermined py ﬁméffgﬁff93_3599?53£?” Thé\éipgdgégggggiggu“_
- L M«f“;fA;QeAang ¢ of attack can bé cemputed dirs ctly. .Avsmaﬁi-a@gle.qggcpﬁ
.gguate& to ivs sine ab wes done by ERGO, 0% h er functidéns can be han-
s :
3 dled o5 sets 6f straight Iings.
Fb;‘moti¢n~6n the ground it w@sude;iQQQ,té_@bdify;thé‘ERGQ
=¢qh§ti@n$'t9‘élimiﬁa@e forces and ndients - that ere neutfalizéd by the

© o ner e e = i o e s o Mo e s £ S
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’»eQuations by sufTicétently 1an5é.numbers.< The effect might be to meke

grounu reaétion. This leeds to threé types of manoeuvres for solution:

‘manoeuvres # uhe adiry manoeuvres with all three wheels on the .ground; i
and naAOL uvres with‘ﬁhé~ffb§t'ﬁheel raised, This is discussed in Ps 2.4,
‘The effact of winds gan be taken ChArg of by sxmpl devices

while theé airﬁiagalié‘iﬁ~$he‘airs The #eched of taking décount of wird

while the airplane is on the ground has not been developed at this time,

Thé symbbiéféﬁ& eqﬁatiéﬁ% as +hey apnear at the time of th;s

roport aré listed in P, 2,7,

The general purposs digital comnuber has yhe;point‘(decimal;

blnary, or otherw1se) at -one end,of the. reglster. The ﬁachiné there=

o oz

fere works with elther 1ntegero Qr fractlans buat not w1tn m.Aed numbers.

_Of thv two exitreme pcsltlons it is moere common to f1nd a machlne .

Workiﬁg with fractions than with whole ﬁumbers; If our problem is to
be worksa on e conputer de§igned to. handie ijgc—'sifns it ie necessarny
that we changp all equations 50 that no numbér-as large as unity wiXl
be enéountéred. ' .

To make all auantltles less than one wé could divide akl our

sofiie. of thg;yariaﬁles»Qonsiderably‘léss thar unity. Undet these

circumstances, if each varlable is to be repreScuted by the4same namber
éf ségnificanﬁ iigures; the number of digits in the¢mach£ne‘W6uId*be
m&dgigdite lé;ge; ‘Thé more digits in each numbeF the ronger &ach pro=
cess becomes, Therefore whefe speed'i$ SQ_Qmpoftant@ the~hqmbers

should, be adjusted to remein léss than unity, but saéh variable should

s




T toa Satréfaator;

huve 1hs meximuin as €lose

to unity es possible. 4 more detuiled dis- 7

cussion 6f this matter is t6 be found in Section 3

B DY

Conseguently, eath variable in the equatiohs was divided by a

number somewhat larger then #ts own maximum,

The new coefficients in-

the sguaetions were then exeminéd to énsure that no nuiber exceed unity.

This necvessitated that nuxn Oers be shifted either to the rlghb or to tha

“left, “Shifting has the "effect of multlpiying or dlviding the number by

a power of two in a binary mechine, Just as Snﬁfﬁing the decimal pOint

cozresponds to mult ’lyinr or dividing by e power of tén in the decim

system; thus it will be noted in the equations of 2. T thet .f'actbr"s

equal to powers of two have freguent ogcurrsnce.

- . - . o~ oo
P P

2.2 Siﬁ§f7f§

et e s T e e e

mhe equations sol.ed oy ‘the ERCO slmulator are empirlcal e

equatlons that apnroxlmate test resu’ts. Slnce ‘these equatlons lead

réainef She would expect that a satisfastory trainer

could be obtained if the dizitel computer 'mg'.d@ ise of the same equations,
On the other hand It is agreed that the mzco Yer

4.

vations in meny Case&s -

~fé'onlysampiriéal\appnoxim;tiona, If one empirical approximation is

;epi&@@drby another that is not too different; satisfactory results

should be expecdted.. B S ’

°

stions contain thé angle of attack, ;fs 84 ne, “and its

bosiﬁé¢ The BRCO computer in many place° replacud uhe sine By the angle

-— = 3

vnd renlaced the cosine by unlty. “Vheh thesé equations were prepared

For solution on a digital computcr 1t'was deoided,t¢5g§mpgt§‘th§ sine .

and cosine and to feplace the angle by its sifé instead of replacing

the $ine by the angle,

Numerical Qa-l,cti‘le»”,c’icns,mvé. been performed ’ g




which indicate that these appioXimqtions.@E@ Justified,

The engle of yaw appears in séme of the ERCO ec‘-_ptiaét‘i‘ér‘réf Ia oyw
equations it has been meplacéd in all asés by the approximation 47/Vi,
&8 o result of the angle of yaw does not “&ppesF in any of our equations-

The deterfination of thrust was mads by en empivical. stydy of

€

block. diagrams supplied by the contra,c‘hing an'en,t-\« I+ 15 beJ. eVéd that

the f@rmulas uséd are reasongdle ap roximations for the present pur~

*POSE. Th@ﬁ‘isb‘@ more Satiéﬁactqry s§ﬁ'9f fgrmulas'wadl& probably

1”1V01Ve the same “mount of ins‘tx ruGtion = ahd memory-snace, .
The block diegrams supplied appear to indicate that the fuel

gonsumpt;i;an is coﬁsta_nt for any thréttle _s'eti‘.injgi‘" This 1s hard to

belfeve; Howevery It &5 felt that the mochins §?éﬁe.éﬁ&.cbmpuﬁaticn ‘

© time £o7 rate-of-fusl dStérminetion will be smell, Hence this arbi- °

’tirgry assumpi:ion will be adopted if t}ieﬁi}lﬁorm&tionz is not made_ éazai‘l~

able before the final répoft is writtem. et

2.3  Eliminstion of Eulorian Angles

The equations of motion ©of a rotacing rigid body are usuo.lly o

) smplified Uy using o set of aXes attached to the rigid bodv. The

<

simplification results from the fact that this choicé of axes pérmiﬁg

the u”se of congtent moments- and pro ducts of innrtia.

. Thé. orientation .of- the rotating -a—x@s—‘{):}';, -0%;-and 02 relabtive ~ 7
: A ive

t6 & set of fiked gxes X, @Yé. and 0% g may bé derined by the Eulerian

angles ¥, 8, ¢¢'*@of,eénvéniencegmsauméjbzo downward, OXbANQ?th; and

© 0¥ East, ~I 1§ the a: gle measiFed about ozo from the onoplan° to
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ths (verticel) pia ane contedning @7 and -0%; it is positive when 0%

is toward the Bast. 6 is the rangle between OX ahd the X ¥, plane;
ft,iSIiésiﬁiﬁe'wﬁen ox is &above the A026‘PEané@ It is meagured about
an exls in the X ¥ plane. Gall this axis o)

¢ Is the angle measured aboub the 0X axis from Q¥ to OY; %% is

bositive for cl ckwise retaticn as ‘Viewed from the origin aﬂonw the

positive OX axis,
Lo If the angular velacity of the moving axes has componepts

* - Dy Gy and F aoout tne mov1“ axes Qg_ Qg,rggd 0Zs respectivelss, then To-

thu Iollcwing thre@ ulfferentlal equatlons _show_the rele ti AS—aMONg - - -

the angles and the comnonents of angular vélocity,

. S=gqcos ber sin ® . - . {2.5 = 1)
. 1. o N
; P = gz 5. (p cos 8 + g s;a ) ain ¢ + P sin 6 poS ¢9 (2;5-§ 2
: '"@ : éoi = (g sin  + r sos ¢) AU ¢ T D

The presenée of cos & in the denomingtor makes two of ‘thesé
equations 1ndetérm1nata when 6 is-t-géb; 7This:mékés the eéuations '

difﬁicui% to use especiglly where point. by p01nt namerloal comnutatlouL

o} —

3 yc] oelnv perforiied, One commor method of evading the difficultv is to

limg.fc the variebls & say to the rangs *.85°, This s avoiding the

problen rather than solving it,

Thia rndeterminism is.a Product of the mathematical approanh__mym-f

e -

to & ph381cwn problem. A dafferent cnoice. of a3 eS‘for‘examplé\would
pregent theﬂgamemdug;y u;tywayra differgn% ‘f tation of the rotating
body, Therefore I there is & way out of the alf’ficthy it may weYE

© bé to trya hew methematical point of ¥iew,




11 S, L

péi nt has coordlnates Xy ¥y 24 ‘;L;; the mowing system, LT3

theén its coordinates Xov Yot Zo in the fiixed system are given by ths

- matrix eguationg - ‘
N ! t
~ il | _ 1l o _
i % hoomon DR ‘
‘ - ! - o 4 . :, 1 > S .
| vo e M Rl ox ]l (Be- )
1 , : | s
\ o ]
} whersg the di:ectlon cos:meg j{gr‘tgei transformetion matrix aieé related
. - 6. - : e S - - . .
‘ - to,ﬁhe Bulerian angles by the formulasg N
: 2 eng 5 ; L
ll‘ = cos 8 cos y » _ .
1, = <cos 9 sin w .
1, cos now B -
Yz e S— e i
ml # sin © sin S‘«‘_.cos Y # cog® sin R - (
m2 = 540 6 sin ¥ sin ¥ =+ cos ¥ Gos W - (2.3 = 5)
i ) Mg = cos & sin ¢
***zfif = "sin & tos ¢ Cffc&; Y + sin @ sin @ . :
) — o toe Do = ein-d dos Posime y’fjg' it Y c68 U I o T
| B, = 0osd cos & _
‘ 7 ) )
“u'hen ‘the equations of motion -contain the Eulerian a.ngleSr
X Mﬁbgy;gppggz_ig;ggﬁﬁiﬁgziéng-gqqgl 8 -gna gr eore of the direction —— e o
. S L ° , _
: cosines, That is, the Bulerian afigles can be éliminated from the
B n@@hgnié&i'@é&&%i&ﬁ§75ffﬁaii5i~ﬁﬁwfﬁtnoduqing the diréction cosines - i
in the transfornation ma+rix as parameters. ’l’he kinematic dif’ferential !

.equaxtions f‘or the direction cosines are quite simple and ha.ve Hio-

inden

tex:minate points, This is ‘the: princlpal gain,.

~':‘,ﬁ_\,

i ,,,%ww
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o . 2-il
' The new differentisl equotions can be derived by the following o
method. The traasformatron thet weas iatroduced above to obtalr the
coordinates of & point in the fixed system in terms of #ts coosdinates
in the moving system cen be used to trensform the unit vectors iy Ju k
= along the O0X; OY. 07 axes into the unit Vectors I , Jss ~‘;o aloag the
0Y v 0Z, exes; thel is
N N i t i
: iia i - R $
ey ! " 1 JI n ‘v_ 41
. o by A" ! 1y 4= b
i' 3 ", l ) T R ‘ . i;,:'% oo N
e i =l te 3 Ay EC T A ¢ \Beg - S
10 g J't o -
e ,! o m. fis B ik I . :
: i ol 5 3 341 i :
| 1 ! ‘ : ;: { N
ose values for the derivatives we obtain - L
> il = rmy + &nl): + ,3\(m1 ¢ Piy * r'i:j_)f e k(ﬁl - 4l + pml)"i' C
T N #7 o ) . ,:_ S ) , (2;‘3 = l’féi}:
ST which requires thet o ] ) .

-

I
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give similer results

15 = rmy = ary (

it

m2 = Py \ = 9 (Bad = ;5) n‘g = png ¥ 21§ (2.3 =
- - piw 2.5 = \ ) o = @ - 2.5 - 1¢)
4, = qlz ~ Pl €2, 169 'nz,, = ql_z’ P, (2.3 1¢

Since thére wels Three independent

" involving the Bulevian anglkés we expect only threé of these nine new

. qifferential -éguations 35 bBe 'iind@.péndéntﬂef; the 21 identities that B

. ==

obtain for such & srensformation matrixs - These 21 tdentities include

1% ©of Ehe eolumn)

w

{oue for each row and one for each

1y fy np = Os

g lg# my Wy ¥

éne for each pair

smama s - Y, iy v
are. hine OFf Ehe foFm . - - . -
- _.

“one for éach of the nihe slementes ee
— £ Py qw + are eliminated firom eguations
obtains T 7
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which of Goufse 6an be obtained from eguation (2.3 = 20),
o ) Py K 7 , P ~AN
ll_"" -+ :11" “+ 21,1‘2 = To ‘ (2.3 -- £6)

if r and q are éliminated from theé: three squetions

i = am = gn {8, S

1g 5 vmy # qny (863 -+ L
"2 = r«mz ‘ qug \Red =~ 14
. TR
3.3 s rmy q"*3 ] (2:3 - 17

— the equation that resulte L5
7. T Y & 3 ) :I P W 2 LU ) S N B 1 P “.»,9.» = . iz- -;: e ﬂ'
(1.11:33:_15 1._13:12.).11 + (m3n1 n—‘lng,‘-)‘l_z;, r (mlna. znaz_\:,;_),l3 = O tRx &
- By means of jdentities of the fori T s
! 3 - - ’ : & - > 9,“
ll - mgns 5112, (263 :2:3)
equati 01’1/(,3,.3’ ~ 21) reéducés to T

3

a1
w
¥
Lt
w

which ‘of céurse Gan be derived from

- ’13 '.5 1’ - - - o (;?_5“3 _:z-

one of the %dentities mentioned 4bove, see equation (2,3 - 20),

) T o N .iff;c:’g choo;;-tﬁaii'é@ .eql.;artri 61_1\:;- independent;f \tra_nsfoz.me.‘c;on fma"c:.r:_[x
identities, oh6ose equations all of which do ot have the same sub-

: ) seripts nor do rél’l ,ig;fréflSre tbgé t‘i:iné- dérivéative of the samé letters

T I—————-; N—— P o



<7 For example

S

is & set of ifidépendent eqsations which with six of the usual adentiuies I"*
can be used to obtain all r*ueydxzectwon cgg;nps, If desirveds more Tl f;gv
three differentisl éguétions aad fewer than six Jddentities can be used. J"
L - T
For ‘sOME app icatisns, °uuhaa5»una4ovue computerssy theé diff crantial I
equations are mdFe sviteblé than the identitiss, BEven for digital "ii
computers the differential ecuations may be preferred £oiidggtiti§§ ef fi,i
° the form of =2guatisrs « 2,3 *.20)‘aﬁd (2.8 = 21). - - :i\i;
E B
3;&:~Qompu?aﬁi9ﬁgﬁ?§¢?ﬂ‘ﬁé fior Direstion Cosines - . i | E:ij
We have shews ‘ing divréction cosines in a.hotétibnél 7 7 ?:3
matpix satisfy tweaty-ons identities of which only six are independent. __%g_;

. We have &howm also thab the*e are nine. klnenatlc differen+1a1 egualtions

T

<

of motiony OF Wwhich turee are independent. AS a ghand total there are

;bhi;et.y ‘e,q,ugtiqng for niie unknown direction cosines. It is pianned to

- - - - - - — e - - - - ——_—

maXe usé of the great wealth of équations to check on the computa ns e

- = o

o
—and_make adjustments as time £06s on. The ided ﬁ;g tfét the twenty-one

o
2,

Before discudsing tha plan of computation, it will Be meml +0

1 chgnge +hat has been :ade In the ma»r1x.7;§Qme

Girection &08ihes wmll be comDuCea By ntsgrationso ‘When &

LY’
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cosine is larges the-computatign error may give a 3é§ult=gheater than

unity. Sincé there s %o unity, this numbsr cennét be held in the

machine; Indéed, if & direétion cosine were computed éorrectly to

be Uunity,. 1@3Wou&d‘appear in the machine as zero.

To remove this

difficulty, wé use one~half the direction cosine in each case, There-

fore the identities ave of the form

5 W+, = %— (6 of these)

o m, By =0 (6 of thess)

I = 2mgn, - omgmg) (€ of thess)

We £iret use thres differential egquations te compube. g Mmye

3

!

ust pérhads apd

T
L.

v a pécnentage correction -£6.hormalize them to

n,s We assume thit the relative magnitudes are c¢orrect and thet we

L (WHich may be dnity; oye~half or any number). aCGOrding‘téathe

equation e

TQ-eXPlain the method‘oflgbémalization@ let the computedcvalué5*=~-

be 1';, Wz, D'ze Define £ by the eguation:

—

+ q! § = M (1 + &)

S 5
1 +‘m'f
. 3 <3

'Nbﬁqfﬁﬁ;téihiéfcah $éhrgﬁpi£ten. o

(2,3 ~ 20a)
(8.3 - 21)
T (2.3 - 220} i
)
(2o <1)
(2.4 - 3)




“ — “]
izt e e S i, i e = e e e e s
L = e L o - - -
3
! i I
} 2-16
‘ " Hence, let 7 . - N
| , :
, A2 ‘
| B e (2.4 - 3)
- .,3 l o+ - s o . . e *
i By using.ktwo térms in the binomial expars:r:‘a of (1 + g)”
we. have, satflciently accura‘cely, o
: & LY ‘8
13“' lziv-': ) _ _ [ [N
} E N =
m3 = m! (1 B ) (2 4 - 4
£,
T T T ST T e T T E‘_T?"‘ "1 - ,7""_’"“"" T - . T T T T oTET -7
| hy Tofl (1 -3 S .
i Agsuming now that tha cofrected values of 1, Mgy and ng are ,
the “i:r‘u,'é- 'Yé.‘fhiéﬁ’-g Wwe procede to com‘put’é’ 12; ma,‘ and na. Let us £irst
S T ' éé"’éider 8 rather elegant way of correcvlr he uvml.u.ued valqes and
‘ ’,chez =e shall show ﬂjaiq & guicker way i's almosc -;9,$ elegan‘g;_ S_‘ihbgé‘

T we have no way of decidiup which is MoFe accurate, we n ose. o dse

the qulcker metho“

Let is -c‘qmpg-.te l_:é;, -mg, n- fro'n‘ three MOE _é diff erential egquationt,

Let us riow consider ths two vettors,

3 v '3 - va - R “_;
- 1
ro,=i 1,4 Jom, + knp (2, 8)
. 'The vector Ty ‘hes s x’xia:é;xi’qude; i, The wechor. r'? should have g
. megnitude } end should be perpendicular to Ty I fé is not perpen~ 1
. | dicular %o r, It must be rotated through an angle that Will seke it so.
- B [




F i — e e .._:;M o e el e e e e i .t e T T
|
- Je have. &rbitrarily assumed the computed direction of r; to be the true
dirfection, Now it geems ﬁéas’aﬁabie to assume that the computed
direction of ré is Very he arry correct, Thén r‘ ShOﬂid be turned
. 'through as small an a.ngle as possible to: make it perpendicular to Tyo
To do this we need Took for T, it the plane of r! ang P oo .
== ;“': P X ,i . “’v;—; ° - i 13,.4 - :‘ A :
‘ | R S o (R
- The scalars a and b should be selected to make the magnitude
of T, equal to M, shd the direction ncrme,l to ¥ 3. Assuming that the ‘f
‘ B 7 orig;nal Qompuuations‘Were~599dy—thewarrors'are small and the ‘eorrec- ?
tions & and b should be small, S
“Define & and 8 by the equations |
] 1:;3? méz + \é =1F (1 + €. DA \ (2,2 ~ 8) ‘

[
Qo ree
=t
()
+
2]
. o=
! -
)
IRV
[+
L
=
Lm
)
S Lame SR
3
I
o
¥
0
s

_

_.s - -
We may write ¢_ da uhe formg o - - = {
z R = i = U U SOOI S

|

|

i
ki
il

1
ilv+,,jmv+;ksn . o ~ 1
3 2 W Tg T &g ) 1

]

PO+ L 01 5 [+ ) nl 4 bomg)

- - -- - o R
R T B (Roe = 10) - 1
' |

. Sinecs T, ¢équals ¥ in magnitude vo
i+ 3 0% 0 (e adag v 5507, | (L + adnf + by ]2 = 2
- . (2.4 - 21)




- Wheh this %s expanded &nd »use- Aics, nﬁéﬁe of .equations (2.4 - 1,8,9)
th@f—reﬁéult is
— (1 -+ a)é 1+ 8*1) + 2 (1 'r a) Eq b‘”g = 1. | {2:4 = 1.2)
If the: _‘e'rI"'l?"!?s 8']: and 52 aré small, the m)rrs'gt:ipnﬁ a gnd b
will bé small and we a;-s‘s,u%ne‘ ’chi%»;‘c~ it will be sﬁf‘ficiegt;y exé.‘c;{c to
neglect seéonQ degree terms In 8y b, €, €y We therefors .obtedn . _

2=-18

2a+€ =0 ‘ i (2.4 =12

s ¢

_ B D . ‘ o i,f,,,,,,,ﬁ(:g';_.jéi_, ‘1’4:"‘_) o

7 To 'Obtainr e Value of b wé make use of the fé-@‘é thet z‘-z is noxmai

- g to rz. -Therefors

%

T3 g Y1T 11 1 4  ( ot b m o [ (3 Vet 3 ___ N
(e * 9-_)1_2 + b 1_3]- 13 * (€1 + a) m3 + b mS'] m% + [ (2 +_a.)n_2 + b _nsl ny O,

L e
e - (tee) R 82 +¢;—I;2: o e - 16;
'ﬁggléqting &€, wﬁich 15 & second '_'c?:ég«re‘ev»fe'rm ST
T S —‘o-=82‘ T ey (2_4“—17, o

.

1

1

1' (1 = =4y -1 g




5 - o s i = = irasa e e e e
. g - O — e e S R — .
e s ——_ AT - W e AT I R - e e ~ s _ [ e e
¢
. .
219 :

The Sorvectich 1nvolving Si aqjustc the meghitude while the

¢orrection invo‘lv"i‘ng E, corrsets the firsst:.m of r. The

50 results

Q0

ther corregtion imay be applied

> obtained show that to thg'ﬁifét~ordéf et

first or they Hay both Le applisd togsther,

‘ 48 sentioded above; thers is a second mswl  of orthogonslizing 1
shet »s find preferable bégauée it‘ié‘qgiékg?. 1. this method we
"uss ame that the computed‘ Values of two of(l_ » mg, ng are co‘rs‘"t a___
acjuit the third to malca ry perpendlcular to r3. Assume that ng is
gio:vs> then eitherp l. or msr tnen we comp-;te ].'2 and m2 by 5;ntegre,3j.ti_~¢ng
- the.r differential equ“ti i wo then deternine n, from enee
—— - s B Ko -
1 1z +m 15 a5 N R
na = .,2 3 ﬁ3 :“ = | (2,4 ~ 19)
o Note that if We had tomputéd. né from the a‘fferentialréqnaﬁrm.~
' © o we wwild have ' : ’
e T : 7 12 15 < ma mg + n. 3 ‘—.",-7 §._ v (“2;4 = 2:.
TEmmm = s miommemn oo “‘?“:Bg"" e s s s s - - o B o
¢ o h : m. ) ) = ‘ - ,‘-;' ',7
. Yy mymy 4 myng =0 (2.3 - 21}
Thextefé're U U
e e ‘ - 2 . 18 .
— . ) n2 n3 83 I\ o . 83 I o } N
R n2 = = -+ = né—. ST Y (2. 4 - 21) 5
» . f%; ng S -
B whaﬁ'we<are‘dﬁiﬁg'amEths.tO'makihg a correction of . ) L
. ‘ g V:B: \ =
*
tb & compmcd valae ng ‘ ' - o o - ~
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Obviously if we decided to eorrect 1} instead of n é the
3 £ :

chrrection woild be : . - :
SO ' - 2 - e

fCVﬁake tﬁﬁiﬁvrpectlon smgll we make sure that the largést of

‘ ]3, m3, n appears in the denominator. '$his will also prevent us

-« ¢

f:om belng embarrassed bv & zero in tbe denominator as miﬂht occur‘if

o 'we aecldéa to correct n " under allnél;ahm;;éﬁgééiriiwﬁ—-'_WV“_ o ;
: A;ter the direction of r has been established perps cular .
R tc r3, we must now adgusn its magnltude. Wé prooede as ws did for i
.e;‘—' ‘ ;1‘r§ :‘- bOVe. '
L ‘ 2¢ 2 ] 2 R ; o ;o8
1t 2] , >
7 Let ) ;2 +m” 4 ony” =) (1 + ¢y (2:4 gcg
| < < - A
- - B BN —: e . . 8 R - - B - R I
. ly = 1f (3 - ﬁgéﬁf | (2.4 =~ 23) (
g PSP S S ) f:ffrrw._ »é:‘G-:;—:_:T’ LT e ———— == — = T e etk e
L ~The three remaining wnkncwn dlructlo* wondiies ars computed
-w»“‘uifiAv&n-_*k-mf;omfrne zormulae ‘ S : — o '

Nl
0
]

3

. Ny kg = Bs 1 “
T s . A i SN -3 24Y.
1, M, = 1y ms -
Ny = e 2 D
o _ 1 W a
T - ‘which do no% iatréduce any further ihasduracys
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The method of‘adjusﬁihg the integrated direction cosines

©

té FRSUre that the twenty one idéntities fncluded in‘equati

ARB ~ROy 21y 22} are satisfied doss not meke s corresponding correcs

~tion on the Integrands, We mucept the fast that the dircction cosines

need correction; therefore we should agree that the integrands need

< .

sorrection. !Howéfér Wwe save séveral incorrect integrands to determine

. . subsequent directicn cosines instead of using the corrected integrals,

S > °

If this n@:malizaticﬁ‘&nd orthogonalization were performed at

¢ach step there would be a small discontinu.ty at each step. If S

corre¢tion is madé only once in X1 nu.mber of Gyctes; there w111 be a

T greater dlscon‘cinulty whloh may introduce instability into the

LI

- - 8ystems This dlfficulty is 1nt1matelv connected with the overall

o7 =

problem of _integration and nd satlsfactory answer to tne problem

= - [ -

has as yet been devised (aee Séction 4).

& _ . R . .
2.5 Motionﬁom the. Grouvd* - : —_— i — - =

B _ . . ) . ] ) - B
e LT e e P et g-=.—~———-——__..,_.—.__ — i Sy o<
~ o .

- C‘Nhen‘ tne alrplans is on the ZFround the reactions of the grouna

(- PR

on the wheels _afe in gehéral indetermnatee. "_Ic;;f assume: ij.hat ’th_e;-e wil:!.
& - - o

be encugh forse in the Y direstion to overcome any tendency the plans. _

e

'

has to move i# the Y difec’t’ion;. Thereforée instead of computing Yt we
. ® N .

arbitranly assume thet ¥ _equals Oa _'The upWaerd forcé. on the. three. - - .. -

'J

L

o
» e
|
o
- . N " pe .
R ot S |

(or two) wheels ‘.'g_s, sufficient to balance the downward force of gravity

- end (positive) %, 4 long as the plane is being supported by e ground

, -

NS

v

<
[t
°
e

* Tt has been essumed that the runyay or carider deck is
hortzontal,

(

i

‘-

¢

!

[

1

§

H

iu«d ..

- - . . . x

[ A Vi WS S

:
[
1
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T¢ ude a set of axes fixed to the edarth igstead of the plane axés as

Feferencs., ﬁ?hé‘upward‘féeeﬁfékrof the @arth on. the Wheals, -whi

cannot be computed eaS11Yv'ha$‘nofcamponent»in»the‘horizent&i di=

>

rection and therefore does not ahbe er into the cowoutation of V;.—

Similarly, whils t@e-aiapleneehas,thiee‘wheeiequ the grougd

there will be an indeterminate moment Shpplled by the:;eact;ons 0f

o

the earth on the wheels whien Will prevent the plane from nosing

downs-. Otherwise therxrontvwneel wé@id~@iArj trenv“ fﬁ‘ﬁhe ground.

~of mass, therefors it is possible -for thé front wheel te be raised -
and theﬁairplane—rgnfeﬁf%heegfouhd on\eﬁiy’tWG wheelds This is the

condition just befove ta&eseff.and‘immedietely on lendifig in the

casgs ‘ ’ - .

‘ <
o . -

- = - -— LIhat any tendensy for rotation about “the hori z*rtal axis determfred

by V% is -cancelled, If Fhe angu’ar Velocitiss n, D r were to be

-

——— —_ —~ R e.u_~_ - e

" s

exists in the reactions of the,earth on the wheels. It is simpleg

K

“ o —
S ) seLme that any remaining rotation 6f the > siirplane will be gbout a

PERS

vertical _&xis and to compute onlv _torgues. dbout it . if

regetion, theazeeulxentﬁéeloei%y will bse he;izoﬁtal and it is simpler

PN S
1\/41.

Now, the two back wheels are only e short distance behind tho center _

idesl cas : L ]

The two Fear wheels are reacted upon by vhe sarth in guch a vay

combuted first, it would be: necessary to determ¢ne just what unbalahse

N e er b a1 e wous

%

o

= = =y

grOuhd»feaetiens do net produce torques about the vertical axiSvand

4 «

e b
therefoxe do not enter the equations. ‘

ar? Yy T T - -

. : ln addition to tne in*fllgnt equatlons of motion, eguations

have been derived for.the case of two wheels on the;grqund and thise,
B wheéls on tﬁé,gfc nd. The eweewheei equations invelve Vi, g, and ¢

"

B

—— — —

o e e




i o while the thzee-wheel equations involve. only V and . Thé angular

g . ; Co
veloclty g ipvolves a rocxing mo ﬂ@n,0ﬁ~tha'reai wheels whish 1§

imbossible as 1eng as th front wheel is on the ground,

2 @

An inspection is mede %6 determine whether thers is & nomént

about the Y axis suffisient to 1ift the front whsel. This decision

Teads to either the %WQ<nf'three;wheel eQuatiQh§g

° - - An inspection is made to detevmﬁne whether a negat1Ve Z is o
»;-¥;~—-A~~»w5~c'~=ava11able to 1ift ke plane, ‘Th¥s is the mahhé;ﬁoffécciding whether :

to use the in=flight equations or the ground eguations.

Nﬁen landing, if the conputed value o altltude s equal to

or lass than the altitude of the landing field, the plane #s on the

ground; If the quputéﬁfgalae~bf'ﬁﬁeAaltitude is less than the =~ = -—
. eltitude of the landing field,. s lending bump is experienced n which —

“the computed Value4of’th$faltitude i8 replaced by the aitifudé of the -

landing field; At ths. same time that the planc reaches the zround.

) o ituig,ngggkneggthat'thaAc#ogxea%;Whéeis' r*ié—theﬁvround*togetner,'“ .

«  whioch may produce another bump, The directlor cosine: my ¥s. replaced

the computed value of iy is diflerent from zero. L

T By zero if

A

i the~3§mpuﬁed Val&é 6F l3 indzcates that the front wheel,
iS'off the ground then two—wheel equationsfwil“ be used, However

ir the computed value of l indicate&

the,—tfth'e froht whéel 18 on the. ...

groand then ',~wheel equations w1ll be useds If the corputed vglue

of l indicateo that the front, wheel is in a trench, then a front

wheel “bump is experlenced #a. which the computee value of l is‘replacé&

by the value ccrrespondlnv £6 three-whpel contact and tﬁrée~wheal

egquations are useds,
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For sofe nofimehts regerding the effect that the changing of
variables during 14nding =ad leke=off has on the integration process,
e _zee SeetdemEy— e S S

73,6 Plottlnv Board

Part of the problem to be solved by the. computer is the dis-

s

placement of the. airplane from its smarttng p@int, For example a

e tna}n%ng~ptebiemrmay»beﬂtoffiy“from Weshington to Newark, In order
) t@-l@cite che plane on the plotting board the speed to, the north x
: - and the speed to the east yo\are fntegrated w1th ;espect tOrtims.
Rememberlng that the dlgltal compute; eei&sieei§iproper figéiiég&,ig 3
is necessary go adjust thé numhers by introduovng“R and Ry s ‘maximum
expected dlsplacﬂmonts.J e o L _Aw?#,fﬂeég,xjeﬂev__ﬁ
- We could équally well use §;1 £ 060rdinatss say with the origin -

at the point of starting the problem, Howsver if the plane circled

v

the field several ‘times. the . ang;e coordinate 'ieldeafpear ta Incréase - -¥—~=“>f

giv1ng several ¢cordinate paitfs for the same piint in spe¢és The

“—“algi Sa1 cemputer, it 1s intoresting to note, takes éare of this

o -
o

apperent difficulty automatically, If we let the<an§ulwr‘cdgrdinate

be egual to T

- R = ““i?ﬁix‘"‘,,‘.‘_"“‘ TorT T T ‘“v ‘ i =
2n : .
. 8nd If y were to increase t¢ 2 the number stored would be equal to -

- zéro, Thers would be & duplicatién however begause Valuesaéf the

ahgle -coordinate corresponding to'wv-betWQeﬁ-ﬁgn and +2x Q@ﬁld‘%e

< < e

stored. This duts down the numbei of coofdinste pairs representing

N PRV -

c
A
b
i e s

1
“




the same point only to two.

Bécaqsé of this pemnapt dupligqtion ahd bgfguse of the fact
thet the equation of a straight lins, which is needed 4n zféd_ior renge .
representation; is so much more compli'cated iri poler co¢rdinates thaw,
in rectilinear coordindtes, mo further c-“ sid aratibn is given toﬁﬁijﬁ

goordimates. | ﬁ : - s

~

" Knowing the amount of Tusl the airpleme 15 Carrying an estimet -

«{ maximam crudsing range. can be made, If Ry and Ry are sligh,ﬂy‘ MOX-:

than fhiswmaximum*range then a computed value of X5 Or yb greater

than 1/2 would indicat th h airplane couid not re*urn to poinurrwh

of take-off. However, bocause &f menoeuvres. and péesib 'erdirédtiéns'”

e ——____of tiavel the fact that Woth xg _and. ¥ .are less then 1/2 dees not

3

S-S T imply theb sefficlent fuel remains to roturn,
To include radio range simulation it is necessary to know the
S location of the .range transmitter and the,c‘ éction of the beamt For,

an omnidiréctional radié.iange the instrumerns information can be

B ' supplied by knowing “he location of the ran¢e transmitter and the

o ~

» location of the airplane,
For radio cdmpass indication 1t”is necessary that the location -

cf the transmitter and the heading of thé plane be known, The di~

rection cosines 1; and ;g,cgnfain«the‘inférmation regarding the

heading,
If there TS;hg-wind xd‘ahd V.. givé the spesd of the plare
. - relative to_both the air and the gro and. Howe?ery.if'fhéfewis a’

- wind the wind .components should bé tiaken into. arcount S

To do this X, should be ;g‘? sed by 1 the. nott _eomponent of

=




wind veloéity and yo should be increased by the east :component. .of wind ..

velécity, Under these conditionsy for 1ongldistunge'flfghtw it might:

. o be néﬁéssary'%& use”léf@ér.’él “OF R, eIg | “y T T T T T °
o - *nclu31on of the. efPect of wind ;n the ground equations is l
o complicaued by the fact that not only may v oe dil ferent from zéro ) l
N “‘“%ut.vtmgy pecome‘much-I@rger-tign«u'ahd W HoweV°r, 1f take<~off and i

lending always are into thg.win& tben the problem Decomes somewhat

-

stimpler. A teke-off or landing across wind would bé-diSaS$tﬂga te the

airpleme, ond if theéé-§§SSi5iiities are el iminated the problem can be

U

v e

—— ,nhandIEd;bykthe;method_bf;Dunahd;bngsguminghﬁha; the cros: Wlnd V has L
- _"é . - ~ - ~ o -
no effect on the lift and d ag of the wings. -

o At this time -e@uati-o.jﬁs have fiot beeh defived to simulete redio
I ranges and ra&lo compass 1ndica%iohé. N§{§§§§~hggdgﬁgméffent 6f_%ind

" 7 . . on the ground equatlons bean taken 1nto ac ount

- 5 = i - s = d ®
. ] A'complete list 5% the equations dividud 1ntg 4 humver- of”
I S R
ﬁbroutlnes “followss ) = i
70, T e e e e e e e e e T e e e e e e e e E T
©
©
S
Q -
. B T © ¢
e o
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_ v ©
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CONVERYED INFORMATION

8, < 0.4%2

Sg- < 028 —

~

S " Kp

ey

0 or 0.2681 B

Ji

0 er0.9458 ..

< ; ) J— —

0 or Q.03107

'ilt

jo

i

9

_8; < 0,0008665 ..

T T Sppy = .0 6F 0,001073 . .

‘ _Spp_ = O0or0.004458 o .4
e - — be_ =0 oF 0.004453. e e T
. Spg = O or 0.004448
e T U Sy = Over 0,004448 ‘ - :
, S S *é’ = A S0P w@.004:4:48 j _ =

o - i ‘ S = @ or . : S T

o # R -

iz = o Notesa - We zssumé. that motor- de-—alws

g
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. TRANSFORMATTONS ' j
. . 5 :
Varisabies marked ®ith the star are TRCO or acgtuil values |
) 1 |
- - -p* £ 33§ o ) —pXE g i e s
- k= 169 = q )
i . el 8 r R -
g* = 4 v u¥ = 4G &
vE=ggv o vhE 20w ~
------- B S-S w* F 20 gw
V.t’ = 40g Vt 4
h* = 40gh K= 188Cg h
- - - R : 3 **:—t T A i
L.t 128 'WM' Vt L-’t “x 4 T J_i_ o o
I - E * T _ Vl__r\ AT e I -7 N k= — e
~- 4 t 256 V\’M Vt Mt vy O O I&F M T .L:’, & i Iy.
Nk = i. TF - —e k=AW T -

e - - - *—B*.:'* ’-25‘6’*%"1{.1?1 Irt T oI T - -LZ 4’ ‘M Z B _
B Ak L TR % A ' . W= W W .
AR R A ) =8 Wy Y
ZX= 128 Wy Vi 2y Z¥ = 128 Wy 2

e _,_Vﬁi_"fs/,;_z 11_ e _lngaf,: 2 g e “‘nff*': 217
iF= 21, mF= 2 mg n¥= 2 n, )
1= 2 1; a na* £ 2 firg n_-g’?‘ = é n:
T ey e T
- — ot =280 a - sin o =:§Vt cos a = “\i__v -
" o i . . .
@ Xo T 40 g X¢. . & xF= R_A x4
V= 40 € o By By By, ]
e, T (O o
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TRLISE ORI TIONS

‘ T Wy T
T TSR S e S T T T L e T s e s s e s
FBR*- 0.03232 WM‘ F:BR . .
“ : Fpit e 0.03232 Wy Fgp,
. Ry = range ;n %o 'c'ii_i-ec.t:io‘n -(NQTth) - -
R, = range in Yo direction (East) S
. sz =0.c0mvEB By Bpq < 750 Cra T OE0

N

— . ,;"Sa = 0.031’4:4‘ 8'“5 . B3 é Tk Is% 86 s 70‘47‘”2

= 444————‘6-11— = 0-0—003639 a*r—»dﬂ' R 8 T - ‘-<

) L e I A X 5 ' : 53
= - TS CEOLOIRIE 5% -8, <-50% L E- € ek —8) - s =




T T e T ) LS : S — R

‘SUBROUTINE NO. ONE
A Xo = é}.o....g. f ;{o dt
I T TRy R .
A N = —4-%-;&“ [ Yo dat
bix ¢ J 8 ¢t
FAY wfb E I J"LSEb—CﬁsoC‘ wa +SE% - SI’x’l'lb 1 at )
Brgg= - JUsg+ sy =5 1at ‘ )
o AW, = -dSpes et e o]
W= 0.613 + Wgy, *+ 03600 Wey * 0:4437 Wy *+ 0., 04171 big _ o
4= 032 = (9651_.1“1"}; ) f_ 0:-3571 Wﬂ{ =Wy
R L ] . - W : ' ]
I, = 0.1283 + 0.9942 Wey
DY =S 23, N SO
D o ) o
N I, = 0:400 ¥ Wey 7 |
4 , : ~ )
My =V, + 0,1471 WV 7 . ]




For 0O ¢ My, ¢ 0.4615 m = 0,625 *+ 0,)7154 M,

0:4613 < My £ C.6%62 m o= 0,656 + 0,6769 (M, - 0.4615)

0.6062 & W, - . in= 0.815 = {0.8486) 2° My = 0.6962
T Tor 0 g M, £ 0.6092 a=0.1058 .
| 0.6092 < iy % 0.6962 a = €.1052 *+ 0.08851 (1, - 0.6092)

0,6062 <M, 2= 0,1828 +0.9025 (2°) (M; - 0,6962)

= 0, 6820 (2 f\o 6266 = M)

|
. For 0 s if £ 0.5222 b =0.2787 My . 7
|

0.4569 < M, < 0.6952 . Cp, =-8:4869 - 0.645 (2) (M, - 0.4569) .

= Q -
For @ < My .,<; 0, 3481 ¢ = 0: 0977 + 0,4519 M,
o O—=;4él < :f-_;:‘if :_7_—' 6= 6_52550 + 0.9224 \r\vf o O, "‘481) T T
“For 0 £ M, € 0.6962 . G, = 0,02504
_ o —0.6962 < My © Gy, = 0-02504 + - 0,4087 (Ma = 0 6962)
e e Por 0 S My § 04562 B, =0.1936 % 0, 5068 M, - oo

0.6962 < M, - Cp, = O 14:83 * 0,081 (2) {My - 0.6962) , :

- S WG T T T T T T T
S P 0.730L - 0.7093 byy - Op =.0.03273 Kp + ¥y o —

o Chg © Cp, = 11588 a
‘ ¥ 0.4242 p > -0.4242 © ¥ 0.4242pF ¥ 04242 D
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SUBROUTENE NO: CNE
Ky = = e {a + 0.5006 byy + gy + 0.8727 Ky + Kg) Vv, ;
- A *eBeEE Y T F i, v el BT a b+ Rel wF T T
~hi S
Zy = e {0+ 0.1118 K5 } V,
Hy = €7HC {06+ Gpa = B, ~0,08545 54, + 0.06201Kp
- __$0.1860 Ky * 0.1780 Kg) V, - {0.01721 + :0.68395 H)q —
Ny = €9 {15V, <0.2448 v = 0.008663 r - 0.05964 pa} o
Stie fg‘cers; = ) e —
- If h < 0.364 ) { If h 20,364 B J
B [ U il v e
e B M s * 0:0735 k- ’" ) u;:—ijg{n_ e ,
: 1f ¢, < 0.267 . If ¢ 2 0.267 : )
N s Lol Ifd <o0des Ipds 2
. ) B Afl = % f (no ~7:n) d't % ¢t @ 59 , 4 ... O 094: ~ . .
' : .1 D=o.8 ¢t—o 2150 D= 0.10025 + 0 2475 ¢y ‘
If n £ 0,53 PR |
tnoz0.332 . Ifn>o0.332 | -.
— I Ifn <0.664- | n 20664 L
100 ;. _ 0-0.382 | J
- i HEE=-5; 664 LHEOS o e
S R B
- If V. £ 0.338 i Ith>OuZ38 ‘ -
N ‘ R = 0,0029 - 0.865 7, | RS 0.00264 = 0,778 V,
B = 0.1328 n°
T=4 (HR+E+ J) ehk o )
If & > b i If h£hy
€6 t0- Subroutine .36. Thitee ; g6 1o Subroutme No. Two . 7 ‘L
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‘ : SUBRQUTINE No, TWO

| ﬁ _ : - @
Plane on &round; take-off decision

. _ Wr2T i,
‘ AT T

Compute end store 2Z; Vy

If

i o]
Hy

hY4

e e BB - g0 tD - =
N Subroutine No. Thrgie . - 3u‘.b£ou$i;1e No, Four

. . - .

e e S —— = z - = = R S L Zerzv

X . . < = -
Lo - - S - = ~ PO SN RSN -
e P ST U
. v
< Py -
— = [P I — ——
‘ - - v
\ -
. N @
©
? o
o
.oz v
— - <
° v < u
- R
4 . {]
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SUBROUTINE NO. 3a

S T o R T «

b-s .
144§
fAV]
e ]
[
+
=
He
0

Yol
i
av]
ct
i
3
+
d_<3
3
@
N’

|
, . 5-35
|

o P P— -
o ~ R ) S __ g —R - —_——— —_ - [ - .
e - = - ~ y .

o _ - - —

This subroutine Iiss between Subroutine No. Two and

Subroutifie No. Three.

“nts @ - .

- : }
— - . ) - ———n St . . - - K
, . . 7 _
- we ’ R . N . :

° o - - o -7 -l - ;‘!
~ - ot = D - L .

L R

e e = S UG SO S SV~ PR .

|

|

|

|
e

- . o . . , - . ]
~ ST L .= o M .
- - oL i - < - . N N - ~ \’g
o - E .y R - . - - T .
= - = : ~ = - R . e a, t " N
R
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SUBROUTINE NO. [HRER

Yy = e B 2 (0, 6585y)

|
<
ot
m
&
&
e
-——,
%
)
[
LS
o
i
‘o
ids
K
|
5+<
+
(@]
0
|
e
N
b2l
©
4
>
7'
A
s
§
(>}
(&)
[36]
GD
<h
=3
Gh
[l
s 1]
v

T pd
1

Ny & 4n 2 My Vi -2d Z 4 2% 5 - - BE
Bg ® 16 -t 227 27 & (0: 06532) Kp T + {1, - 1) 5
- e e e - VI S dt

P Hly ru ) ¢ ro-T) p-2fav,y, -
= T R R e e Y dt

-,

=y T2 (0.15625 ur =0.625 wp) | at
. = ’

T

=8 o g
[ - A&i‘w i (O.GSSW [”Vp-‘?’ - ”uq})*BZtu +_I;Q; ! o

87 oty AL L o

a7 {15 g +nt Yo X
4

S TR N ————— ]
_ o . W Y
New f14, = 2.y (% = €2-) - T
_ . } - - 22 e "
New ry =72 n, (3 - €, )

“ -
_ e L .
. -
u
RS
- o




= New 1, = 215 (4 = €2 ) . ' : T

Newms = 2mg (4 ~ €2 )

ﬁé’v@i@g = 2 Ny (% - €5 ) o - S

U N
- ~ SUEROUDITNE NO, THREE B
N ~ RN . 1! , > _Al' b l'
1f J ol <1 15 | | If {n, 1 2 | 1.}
0 xt [ L I > T me T | dmal 2 T8el Himel 2 Tnsl | Tmal > imal 7
N ' . 1’12 1 R . o\ . . . 7 Y
mg, = 8/ (piy ""'é') at | 1y = [ (rmp-qn,) dt 1z = [{mmg = ang} 4t
qlp § T LF vl .
ns *8 ﬂﬁg‘g «pm,) 4t | ng = 8 f( g - pme) dt g, = ‘Bf:(fpng = 82 ds
4 L Mgmgtmgns | 1p 1o % npng ! 1g 1 + momg
1y === RE B2 T =TT ) Re % ===—"q "
IRt - €p-= ‘(lg? * omy -+ 112‘2‘)““ % R - = — =
|

1, 2 (mg s ~ mg.ng ) :
ST R B R P i € P e S ) e —
8 7‘ <
«  bh=2® [ hoat
e - e s e XIE N> hae o B _“If,h_ B < U
PS4 R 2 e e e S

g0 to Subroutine - h g0 to Subroutine

~1‘Ié.. Nine , No., Ten
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SUBROUTINE NG. FOUR ) L
Plane: on :ground, brake e‘(iué—‘bi@ns and landing
s degdsionNow i - e -
s Per - g1, '
T Fg. =  0.2423 (Fpp + Fgi)
If 1o < <3 sin 5° ” Ifly 2 --p singde o
f €0 to Subroutine No. Six go. to Subroutine No. Five
- c - _' ’? - 7 B i

.-

ATAD ekl 2 A F A G A T e




‘SUBROUTINE NO. FWE . = T '

B = o

+ % Vt Zt +

—Frane on ground, decision on raigsing front whesl

-

__0:06532 Ky

e Lo

Compute and 'store Vy M
Ir M > B If VoM § B - =
- " g0 to- Subroutine No ‘S‘i‘x_ g0 to Subroutine No. Seven
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- SUCBROUTINE NJ: SIX

Plane on two wheels

’ 1 55 o7
PRI 0
o T "'Aié‘ ‘j‘!"» Tt T -4

m

5,

64 Vy Ny + Ig-2rq (I, -1, ) :
e e S i Ty at . S o
I, nd + I, L

Ay o=

2

64 My Ty - 8p r (I, = I,) = (3+a2 ¥, %) .
A q = J e e e e e T S a5 I et S at

Alg= -3/ qat _

B * a = :-:2: iar )
Go to ;,'Suiirgutine Nos Eight. o o o




2=41" |
. ] SUBROUTINE NO, SEVEN f5
i Plane: on three wheals
Ayy = £ 81 %o+ 0,28 T (5 sos 5°) < 0,1 Fp 44
LA R & «.--; W A A

. Bz Ty R + T f

e ,~1x e Vq e — e

1, (5008 5902 + 1 (2 sin 5°)° S

‘Go to ‘Subroutine No, Eight




2wl |
SUBROUTINE NO. BIGHT
T Plane on two or three wheels
; _ -
; 7 ® “
| Lme = f my Y dt e
T TR S T e e T e e T e S o T < 9 o
] ) Amy =ef mgpae -
. SR o2 1 -
| € Am’ e omf)y g - -
e Newmg=om ey
New my = 2-m, {3 =€ )
Go to subroutine No. Eleven. ) —- m—
a2 owe b
-
4 7 - »

|
|




oo s s e e s e =R i P Tg by misseedahecus - -

\ 1
i B} o B} 3 o 3 . B o
B A = T T T T e L e T :;:‘:
i e S

- - = — -7

‘ .

« 2-43 i
| . . Tl

| : -

| &TRRIULTNE 20, NINE

M

|

|

my = 2 (np 1o - ng 1o )

=
»
=)
«
Ll
f
®
1=
N
|

%0 2 21w v (my, v +ngw)

. |

)

. |

“ T T e FE L e v (my ¥, W) i
|

|

b= Vi |

e e N - e emem L ol e SN £ e o I it . e -

|
' “ﬁgggpgoﬁ - ’ "

|

K = g gp-+ 0,55 {0+6 = 2 &)

|

For 0.3 < h £ 0.7 ’ ST 1

- . |

o e emmmeem e o oo , e—hk =0.88 =070 ... . .. . - - s :%
- N

For 0,7 <h < 1 L

~ ( , , 7
) etk = 0,67 - 0.4 b
O U SOS
B — i et e - e _
% : Go to Subroutine No. Cne
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SUBROUTTVE NO, TEN

Landing bump. :

h = &g
v = O ) ) - L . S

- Mg = O¢
L i 2 o ]
- . - L o my B J%‘ =l - - |
- S N ]

Mo 2 ng o J
e P = = e PO I P 3 — - — - E e e T = _‘
LK l . — _ ‘
I} - r . < i
¥ = B = e - -

¢
“
— E




\‘ -
[ng b -r:
e T (( Ilg I‘ hand :I' ng
V=5 \ .
Dg.

- — - - =l e . _ B - —- — L e
. - ’ . - i o T
1= - 5 g - -

by
. U -
o ) ey B = e L R,
B N3 8 ;

’ [ 3 - £ ] T CT i
m, =mp V¥ B -

' 3

: batweeri Subroutine No. Three and SubPoutineé N6, 10

T T T T T T T T T T e T e T N S

3 — o
. o i

- F
:‘




2=46
SUBROUTINE NO. ELEVEN
Décision on front wiégiAgﬁmp
If 13 > - % sin 5° If Lo ¢ -3 sin 5°

‘80 to Subroutine o,

Twelve go to Subfoutine No. Thirteen

A., . s PR S
A PR A R rions. ~ vy B g - oy

— [ - .
o
: e — P - - — — - -
o
B o - v
) _ —————
= R N
o v
—— e
<
— = e e w3 . -
o
PR e ot v P
. - —— (
A - -
o o v
-




2~4"7
SUBROUTINE N@. : TWELVE
T T T ¥ront wheel bunip‘T _“ ‘
‘q £ Q
1, = <% sin 8°
|
. ) ny = 3 cos 5° I e |
a = gin 59 . ]
Go to Subrputine No. Thirteen = .
1/ © - - -« -
1
. . v - . IO [ - (RO — -




‘ S O PYON . . 5 e -
oo * - T==s s e e e S i = Eoe S e

‘ ’ 2-.48

|
|
|
( SUBROUTINE NO. THERTEEN
|
|

i 1-1 = Bgmg g - . - .
, } _ 12 F=2Mmy hg
¢ ~ -
i h L <«
1a . L o
- m ot 2 lim e
T g =
| ~ l §
P = 3z ¥ 1, -
;
: - 3
; - - o,
g - r = 2 HL' fNg - o
S - e e
\% : _ .
{r’ u = 2 Va. Ra
i 4
I
I8 - e
:’ﬁ - - = -, § e e = = B e = - _;——A = 3
il = T N [ — :
s - e

1]
-

‘ G to Subroutine No. One -
| o _ . e e e e
| B s

‘ i a T - ) -—

|« ) - -
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S B (,CMPUTER CONSIDERA’I‘IGHS

‘The airplane equat1ons used by the Eng1neer1ng Research Usmpany

N in the comstruction of théir znalogus 3

(U
' (!I

amuldtor Were presénted i the

preceding seEtion. The discussion there was confined to the adaptation. l

of the ERCO équations for digital computation. Ia this section enalogue i

and~drgrtal‘cﬁmputéﬁé‘wfll be described gnd compared with special

@

_emphasis on characteristies pertinent t£o Simulator design.

Ei”i§:iﬁétrﬁéf}ﬁg‘ffféfgggiaZEumeraperthe mathématical operations

which'constitute.thercgmputgtiggsgpd solution of the ERCO- equations.

From the‘algebraic.point of?view, these processes may be listed 4&s

fellows: T

1. Addition and subtract1on e T
2s rvhut«-PllcatJﬁ; and d1v1s1on

s . e T e = E— = T o - T

- 3¢ Evaluatlon of golynomlals

4. Sguare root extractmon
5. Computation of functions, namely, sine and cosine; arc siné

o and erc tungent, exponentiel

< -

ld‘

e 6. Solutign ¢f = set of ordinary uon=linear differential équatiens :

Whereas a sharp delineation in order of intreasing complexity

would be difficult to make, it is clear that the opsrations (i) and (&) 1

are fundamentaw and rualmentary whlle the process {6)

is a. complex COll~

Y

- e S o JE VU OO

— S P

- po 91te routlne,

The algebraic novion of op ‘t1on~compbex1ty is almost 1mmed1ate~
ly appl1cable to digitval computatlon. On. the other hand, it does not

app;y;at~a11 when the computatrons ére me*hanized‘byAanalogﬁe techniques.

-y

ause of the many variations of ana]ovue deisze, the ddiscussion balow

Nt e s e e 4
- e B e P s W o vt R % e e o b bl
" c-. - o . —_ . - ‘ - ; ’ L

. - . ' ¢
e -

«

gy TEEED TR O The TR S e e

|\ S RO




: 52

will be limited t6 those simuletors of which the ERCO system is an

The de seription of digitel computers will likewize be llmlted

It is believed,

example.

that the basic con-

later to special types, however,

siderations to bé illuminated are almost completely unaffected by this

sneclallzataon.

3.4 Analy51s of'Menhanrvatlo P

HEamant d
Llremenu

1,

— —— e e )

The first decision which must be madé when designing a calculating

o

machine is ths choice of a device to represent the .parameters which

" oeeeur. Thece parameiers w111 in general con31st of constants, both

—-

= EEC

T N . — - P PN ——

—

additivé and multipiicative, and of varlables, su ch as a, b and Xj TE=

|
|
|
1
|
|
oo |
:
|
|
|

spectively, -in the éxpression (a + dx). - - -

. Next it

anism for per-

forming the (alge-calcally) basic opérations, addition; subtraction,

—_ .. =

multiplication and Jivisien; listed as (1) -and (&) sabove.

Finally, it is necessary to devise apparatus for performing the

remainingooperations, The lJatter must be d1v1aed into two.grpupe which,

©

U U R S

st group con31sts

at 1east mnehine~v1se, are qylte dizf i,

The. fi-

of tﬁe'proéesses (2}, &) and (5), or, more generally, thé evéluation of

(‘

A ACAANZ
¢ DV AL

g:»

is an example and which maies considerably more serious demands. on.

computérs, both human<andUmachiﬁé;
@
The mechénisms used to yerform tnese operatlons w1ll now be

0

described 1n some: detdll e




3:2. Mechanization of Pardmeters

In gnalogue computers (of the ERCO tgpg).ﬁéféﬁéters;anewnepneﬁ

U S

sented as voltages. Technical considerations necessitate restricting

the valtage“réﬁgé BétWeen~gppér ang Eowér.limits, usually en equal

voltage .above and below~ground, v *BY Vi and -30 Vs In_order to

sented by the full 100vvgit range available, Nbrmalizatienucan Twa

SLWays

be performed by alt ering multlpllcatlve constants; e.g. if -lOC < X'ClOO

and if y = 0.1x be requ1red then one can write Y= 0.1% % 2

= 7(‘@“,?-,1;_% 2) x _(?ﬁ): = Q!..2. X (B.2-1) g ~50-¢ X $750. (3,8-2)

Tne representation of _¥eriable

ometers. For example, the variable x is shown ‘in Figure 3, ?-1 to be

' represepted oy the voltage del1vered +o the aQJustable arm of the

potentiometer P, - ' ' -

Because the arithmetic Procésses are Qégfgrmed.by éurrent

- - <

* Pfegision,lwhich is the Guality. of being sharply ‘definegd, should
not be confused with accuracy, which is the qua]ity of being free
from error. For example, a four~d1g1t number correctly L Ccuiputed. .

moTe HGoUTALE But less prec1sb thenman incerizestlv _anls

.co

atﬁa1n naximum prec ;S on* for va”1able Parameters; it i usual tofiormal-

“Fze' a¥l varia ables; that iér, vhe full range of the var1able i5 repre-

N T

ne TLy—caitiitaved

*

§1g1t number,

0),-[- ""‘S'

. A measure of the prec151on cf a representaticon the number of

i8 t
distinguishable alteraatives frém which it wasg selectedy thus,
a four d;glt decimal rupresentatlon xxxx Ras & precision 6f one.-

R part in 10 .




. L.,
e .

.

Sem T gxampls ;'ig.Flg‘r“' 3. 2=1, Ry reoresents an additive ‘constant. by determin-

- &

summation in resistons (theoretigally of negligibie registance), condtants -

are représented by resistorS‘withlla rze f;le re81stance valuesu _ Fer

ing the comncnent 11 & ;P of the cu“rent i flow1ng through the fémail) ]

_summing res*stor r. At the same tinme Rz is a multlplrcatlve constant

-

whlch determlnes the curreht is generated yvﬁne;verfggie'vqltége X fFom -

from the potent10meuer so that g 3?%—x;‘ Briefiy, thén, the ocurrent
. 2
=iy 44, = go + Rl * Tebresents the functitn y = (a + by | where
. 1 2 - = -
a = §Q.and b = -L»

Ry R,
Several.eigniiicant remarks are now in ordew,” the first: that the

Tépresented, is a contlnuous varlable, any value of x

within the rahge ié’fﬁénretlcallj poss1ble. On the other hand the value

variable %, as

-0f can'uever;oe‘speéififd eXaétiy but only as lylng within a narrow

range of voltage because it is hys1ca1}y 1mposs1b1e to generate 1nfin1te

ly preclse voltagee or to manufacture 1nf1n1te1v y;e01se potentlometeroo

AAltbough ore01slone up to one nart in lO can be«obtalned in the labora-

tory by exer 01s¢ng extrene care, the pr001s1on of analo e»s1mulators is

11m1 ad in generzl to che part in 10 or at most 10*

- wecondly, it should be nicted that the mechanization process. is one

vnVOIV1ng an appreciable amount. of iabo ory, 1nclud1ng the pre ~sgdmeaSuré~_m~i::

-~

et ot r031stors and_; heir conne

vnﬂpn§siea11y ints an electrié

. cifeyit, Fach p eter st be incorporated Separately; moreover, if

the v varidble x be reguired at more than -one p01nt in the s1mulator, it ie

- geherally reCessary to provide separate resasto*v~ to represent the

aSSOéiatedwmulfipliéa*1ve constant at €ach poirnt, Briefly, then . 2n

?‘\m_*’.‘v{mnw I

h s

-

&
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1
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°

anslogue Sysiem is 1nnera»“' > simultanedus or "parallel" system, -ohe

o

1n\wh10n a separats uniy is provided fof evsry parameter,

" As a direct condcquence of thuir paraliel cons Structish,; drategce —

simulators lack f}guibilitym Ouce a system is assembled to perform a

‘ - %;ven‘ﬁask, iy is vestricied %o the performance of tha% task. To alier
B ..-igutg;ygpféyh an-spprec ably.éiiﬁgxélﬁfta;ﬁ would be. en_ Lndg?taki ng of
__v &r-,_a,: - ccr}f“? ; :j_e m%nl.uudem‘.m.. iR
In digital<cﬁmputers, parameters are*raprésente@ by an ordered
‘sequence 495 digits.. In mest zosss 1t is understood tnat each~dig i is
- - ¥o-be multiplied by a nambvr,Qr *Weiéh@“Vaﬁgdfﬁfﬁg ththerpé jviom of -~—I
L tertemathied .> o
the digit in the sequence®. Thus the paremeter A, which happens to bE 'l
‘ fepreéénted by the‘Sequencé-én’aﬁul an_z?e;—%évai éé, hasrthé'magnitu&e ‘I

- 1"_1 ' S S A T ; = ==
- : A= T oW . , (3.2=8) — |

j=e
whers the weights, ., are implied from previous informég* ion. - In mosd

4 .
- ° - B

cases,. t 18 welgbts are ivén as powers. of a "radix" r as in the

|
© s
it
.
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- e in e decimal " sy

restricted to the seét Q through 9, and the constant c locates the

gécimal point. Thusy for the decimal numbcr A .:'Gb.859, n =4,

¥ =10;.¢ = 3, and A0 * 6% 10° * 3 x 10° + 8 x 1071+ 5 x 10"B+gx107".
o (\5. 2:-5). -

In most. digital cemputers of recent désign, pardmetérs are repra-
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sented in the binary novation, with redix r = 2. This detetion is =~ - E

particularly simple sines the Cigits 3. are réstricted to only two

possible valuds ©O7 end iV, . Tiug; she nuwaber A, = 1101,100 has the
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- It is gener a1ly believed t at bhe axmp¢1clty of +he bi aary system le-«u

itself To &t gital.mscﬁaniZatiQn, einde suéh mecgagizatiag,mgst,f?gqgent;v

25y - -
) K

uvilizes devices which have two 'stab-,lfe states, €.g. high vs. low ¥».%32é

»- et
" apén vs. iobed re1a3 contacts, conductlng vs, non-conductive tubes, o

Z - P =

pulse vs. Do piilseie The &iscéussion which follows will pe=%estricted_t:

binary machines because they are most aménable to élarity of expositioz,

but the remarks apply te all digitel systems. wiih 5aly ﬁiﬁoﬁ'ﬁé&ifié&t&ﬁx -
It hss just beenrpdinted out that binary digits are mechanized by

—_— <
. means -0f bi-stable devizés, Wheén uged in sn arithmetic uhit the lattex
' 3 e . .
are commonly referred 1o as _binary ce 1ls. Ig.@n@*cl§§$ of gigital ¢ow

o

puters, a s;ngle parameter is representnd by 2 set of (n+1) blnary ce]

- . _ _ o : P .

:called a reglsterr The magnltuae of the paramcter is given by the

o

‘states of the binary cells, the digit Value,éjrbeiﬁg determihed ﬁyrthe

state of the cdrreSPQnding'ceil. The~b£nary poifnt (the-valﬁéiof-(él

1n1: o the macnln* .

(0#1) -« celled rcglsters usually prov1des trahsmission of the algltal .

»
< -

information o¥er (n+l) separauu llncb, is referred to as a parsllel
. . ) . ) o < o
unit. : - R

°

Cléarly, since the numbc* 6f Bin ary daglts i8 1ndependent of the
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and is, in fact, exaetly one part ;pigﬁﬂ%lm‘Thgg, .y _desired precision .. )

can be obtained by supplying a sufficiént number of bihsry cells: On

‘the other hand; every digital computer requires at least three.rcg13$eré

in 1ts arithmetic unlt and the associated equlpment rlses rcughly in. - - —

;prdpqrtienztc1(g*l);_ ansequﬁ?tly,}tbe;§i§e;and’cgsi;gﬁeafpa;allel_#———-w—-4-;—

(arithmetic unit risés apprec¢iably with increase of precision. However,

K

=~ "where only low preclslon;is demanded the size and cost may prove to be

smaller than in the Serial unlt noew to be described. ‘V,:_igffg;ﬂﬂfAeA —

e

< ' - o In 2 gérial arithmetid unit only one blnary cell 1s nrov1ded for - ]

<a

each parémeter; The parameter digits are presentéd tg-the binaxyxéell |

.. one at & time and in temporal- chﬁbnce, ‘with the Lowest-order “Qigit ag

leading and with thé highestsorder digit a; last to leave. The weight

3

L

>

wj is here determined by a clock whlch "counts" the dlgltS as they pass

and’ 31mu1taneously dlrects the ccwmputer ﬁo«égtabllsh a 1-1 ¢o rresponderce

S

@etwéen-digit j and "macaineAQimevag The rate of flow of di igits-must -

be uynchronlzed with (and is usually synchronized by) the master clock; Y
xhis‘rate»is, rred to as the pulse r petltion frequéency (PRF) of the

computér, This, the computer requirés a time 1nterVa1 £ ?~(n*l) x-PRF -

- e e o et i o]
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-

- e - . Lo sezn i 7;rparame%erﬁas“iyffiuﬁs—througu*wnéfolnary'celia 'Qleariy, a

rachinie effectd a.saving in equipment {at 1east<whe§eﬁhigﬁ -
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pr801s*on is re Qf]',d)’at the ex pense of speed oficomputa:t;lona

- Regardiess of therorgan$23yionzqf'theaarithmetic andt; it would .

Beffblly'both finénciéily and techinically to sitempt to incorporate
enough registers in the machine to store simultanesusdy ali th
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parameters rzquired by anv 6né simulaztor. Coénsequently every modérh com-
puter ircludes an internal Storage un-.t or memory, and éperates by
© -
' selectzng 2 parameser from its memory only when the parameter is véequired,
- and by Cr‘eturij"ing *he :’r‘é"s'til-t"é. Sf tﬁé dreratiohs of its &rithietic unit to
> - :
thg.ménéfy as socd &5 their rwaealate ubefulness has exp ired. - -
o A conpute“ nemory un1t ﬂay also be c4a551f¢ed as a parallel or a

A

e serlal device. ukgﬁall _merory uhit is ofié from which all Gigits cf

the requested paramcter are transmitted simultaneously cver separate

line’s to the specified register ip the aritimetic unit, and 51m11ar-y in

O @Zﬁhﬁ_L-,4w,,ftég,reycr,e,@i;sgz;zng,,A dmplete parameber transm1331on is thus.

- - -

accon@llshed in tne timg revulrcd to tranemlt only 6ﬁé'digit.

s one from which the parameter digits are

- e T N
eI‘ OIl’:‘ 1ifies 1% Q0es nOT ICLilW;

however, that the‘time? t s for aceess to a paramster is qual tg;thé‘

. . R . . -

time ty = (pfi) x PRF required or transmissionof the (n#i) digi$s~of

(Y

that paramote;. This is because serial memory units are génerally'ci= C”

& .

- - “L&BOTy 1n character, Dtorlng parameter dlglts in the férm'of»a timé

sequengce of pulsaé. TWO'exampIes of suéh memory unite are (1) acoustic

r
<

delay lines and{{z)Jrotating %ﬁagnetic)-drumsxcarnyiﬁg-many‘“lines“-of

informationa* ‘Teehnrical considérations decree that the lines be long

_ - encugh t6 accormodate mzny parsmeters (say m in pumb m»>T)

quently, in oréér to read a parameter into or out' of the memory it is

nec ssary to 1nd1cate in advarice which of the @ locations within the line -

- *  Althdugh other kinds of serial memories are used, the sucéeeding

remarks on speed are applicable without,maJOrrmoaxfacataon.




is in demand. A time intéerval tg is réquiraed to éctivate the fAumber-se-

lection equipment aid & second time intérval ty is wasted in waiting for

thé desired m location -to arrive at the end of the line. Thé aécess time

. - is given by the equation

t, = tf + g + ty

a - - 0(3. &= 7)

it is presumaox‘ possible 40 eliminate the waltlng 1nterVal t

a simulator becouse f h pre dé ermined and flxed.character'ef,its in-

struction routlne, consequently, tw will be assumed negli igible. Also, .

most machines provide a (usually neg*zgible) "dead" 1nterva1 for number~

selectlon purposes, so that in general t < B Note, however, that 1n -

the absence.ofﬁthgv dedd interval, access to the memory must>awa1t a full

addiy 1cna1 trensfer int erval on account of the menner in which_the.lines—

are synchronized with the arithmetic unlt. It PoXkows that, with the

above assumptlons,

- - by & by T (0¥1) X (PRF) ldead interval provided]

, ty > 2ty {06 dead iaterval provided] :

A plctorlal representatzon of 6~digit parameter trinsmission in an

<

all-perallel and in an &@ll-serial computer is portrayed in Figure 3.2-2a

and 2b, respectivelya A ¢omputer using serial meméry ag@ parailel i

e e e Ay ddda. e

aritvimetic urits s been pregob ed and is perfectly feasible, - Th R

verse~m1xeg:anrangemenf is probably feasibie,but is unlikely to offer

e technical adventages. - . S , R
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T T %‘I?’nitueip \ e:a_:ng r;m‘cmks several characte;:Ts‘;Lcs ;?c’il;;;ff - - 7;
parameter ‘rep;:gsentatign are evi@ent.o Note flrst that, in ccntrast with
B analogue representation, _EVery par ametel is. "ep_eented,as_a_dlscr.e;a — ..;__,A,‘u_;,
= ‘magn ;t, 1des if the” rarameter 1s a tq.;ne-c_lei)e,nde_i;j; if;arigble_a 1: must be )
‘ Pepresonited as a diserete set of numbers whose. time‘ coordiﬁafe‘;; are
o Knows %6 the computer. .. o
7 On the othe* hand, parameters are h°r;a represerﬁ.é@ ;xot by sizés ox
"""" _ph;yéiéal compgn,epﬁ butﬁi'gf :Is?an—%ois éﬁfes o_f 'ihe« 1ét.tér; : A;y - j&: S
oo . parameter may be erased from the memory,nmj:_aj;w;ll wozr.'_mavwbe,_Jr'en;L ¢ed = - ..
by the insertion of a alfferent parameter in its :number-lor*atlone u'CQhéé-—:?_l
queﬁt.l,y; the computér is completely flexible; the p@rﬁcr_gé;ac:é of diversc L
rgutfiﬁ;; associated with comp-lete‘l'-y Jnrelateci‘math(;mat'ic‘él € q_uationos
o calls for preliminary pencal and paper work together w with the translat =
of equation-inférmation into map'pine lenguage through équipment external ~ :
to the cofiputes itself. Once several ?ro’b‘iéms Lave been prepared in this 7. ‘
memner, it is a trivial task to s.Wi;:*ch_f‘rpm. the c.éinputéfi‘gn-* of any one L i
g -
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altéred physically i% any. way.

~The,g§nge of the
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the theoretlcally—un Limit, Boweven,
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thoroughly in B 3.6.
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probiem to the computation of any other ore; tke nachine need ndt be

.
resiricted as ssverely

because or

any digitel maena“es requlre each verlable X to be normallaed

The question will be Q!-SGUSSQG more

%edlng paragraph 3.2 it was p01nued out that pavamece

sented in analogue ‘computers by re51stors and potentlometers.

3

=

b o - e

AT tne same” tlme, uhe eon

pllcatlon by a constant wére shown in Figurs 3.2x1,

it is 1nﬁ°nded to indicéte the me

nectlons for simulat*ng addltlon:of and mudti-

In this paragf&ph

e mechanization of the basit arithmesie

o

Operaticls +, - X; 1, of sudden discontinuity or "fransfer”,

. (briefly) of function. evalu IO - e e

Referrlng to. Figure 3, le the SmulL resistor r i

the summ1nn

and

e oW T T T ¢

re51stor for the varlable X. Since the voltage

_te_be. used d1reculy, an ampllfier . 18 _;,miée‘a T

Py ' o4

¢cross Ty is too small

2.4 —_— -

ampllfler Feeds the motor 1y

potentlometers Pi and Pz. —uecause of the manner of _gongection,.

which drlves the arms of two linear

sthe arm . _

of P, carr @ gyvolxagé representing +x while the arm of P, gene

erates -x.

Clearly5 then, ry is the sulining resistor for ax~b, wheve & andé b are
~determihed by R, and Ro, respsctiveiy. Similafly, the suniming resistor
| : o= o,
| S . - . .
\‘ _ - ) L
ke




3.13

bo computes ¢y - dx, waess ¢ and 4 ars Faotermined by Ry and R,, respec-

tively, and ; is obtaime’ rom. fae aonS-driven adm Of Pg.

¥t H s

o

_ % 50
: |

% oxten happepf t a+ a’ functlon z 1s reprnsentea mo t convenlenuL/

by two ofr more =tra1gnt ines, e,g.
- . o et i e e X
Z_*&dx -Db ~50 £ x <0
° 2 . N—
o Afa -
o o this kind arg ea511y'mcorporatn Sy twg inclusi . - E
o o ' - "
of a switch opérated by & cam o the shaft of a;motor;:e.g;lsi in,Figure
3.3=1 is held closed by a cam OR mosst ML & shafé wheni x 3.0, and R; and
Rg in parallel represent the Rew siope A of the Tine 25, A1l disconti-
. . - ) . ‘Qbu H
_ ‘ i 3




3=14 - )
nuities Gan He handied He trig feshaltcia,
u N . o - V.. . . 18 -
sydti-licatdc Ls alse refily periocsed, as indicated i Figure -
3.3-2. Here the voiicgy x %s applied esross potentiometer P, the arm «
g which iz pesitioned by tle y-genzietinl DEver My. Clearly the arm car Lu:
" & voltage proportlc. Coer (xy) s
T T - oot ouically vArying Iunutlons TEy e computed as sifms.y as
liﬁearu£u§0ti0ns:by”Eangxnbﬁlineap_pbtert oneters. .For‘ex%mo e, sin ¢
can bg mechanized over thé interval - 5»5 & < E;by meens of a potentiorne -
ter , - R
N S . -
=D » X s “'Vl P e >

. .
g °
— P SR = Figure'3,3-2 R — N
3 _.‘-— EaY [ S-SR,
senting . Similaply, any part of sin ¢ within that range can bé
T ; méchanized throu&h A appronrlavely—aes1gnea non—llnear potentieméter, T T
. as ¢cén also sny monotonic piece of the cosine, the arc sine and angent,
- %7 B 1 - .
[ "
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tiie expinentia’; and evén c\ - podvicrial and the square root. Ik
other words, Ay MERL AT L Juncyion of & single Hariable x ¢an, if desiied
; 1y merely by reuiacing the Iinear poventioune
— . . - ‘«
ter driven by ‘I\}”j With the app;\*gp;;.ue.ﬁ"‘e nlredinsar oneg .
V“here the fusstlo: being '\val uaial s J{.‘.eper,dent on two wvariables .
-~ T oy where Tuncetion of ns wariabtie is ?ﬁof; TP GLoRic, the 7 |)11§‘b Lon must o o
& neratad by »e(-i’ctende&o ctunections of adders end multipliers. GClearly, :;-::'f'l
. funetions become mors complex {i.e. corsist of .a larger nur.veu of basgic
_ operatiins), the bulk and the \QOSLj’f équipmet rises, i‘gughl-‘y isn‘ pro-
portion to the humber of units . At the same time; the computi:g
7 system becomes 1ncre'as1ngl To Qger This ldQ‘s:az;e_ss is dlrectzy at;t‘-z“i?b*;r
< tébl:e ‘rfo (l} the compliance of motor si’;,afi;s and the backlash in pote;.'z“t.L -

*

~ometer arms, (2) the inertia of motors and their associated mechanicsl

’ :syétems, 21c (3) ths delay in voltarre trans‘i' §516n through ampiif’isrsf, o
7 » (elevtri al com] liemee), The first t.we of tﬁhé‘se a:r:e- cledrly sourées ci
o lag; the amplivisr :6:5:?“7 wi 11 be dl’SCUSSBd la+c;=r-1n this paragraph, N ;
L ;: ;‘f,,, - As 2 conseq_e“ﬁ{glgijhls lOObC ess in the counescticns bevweeh unic S
J the fmctlon representéd is computed inaccurately. For supposé that z is
- _a 51;1;;1;13 o;“sev‘er;]; var ;7:3?0’5« ;’ —Wthh ore *}a;l;blex 1;"n:a§“g1;w:setre— o
o
lated t& z through fany cenneé.t_ions pioduc;ijng a delay 't;. Then;. if x -
ST M — ‘ ‘ - -
its influence 68 2 wsi 1 be félt Erﬁy after the termination of Vit;s :
o éxcurszténjﬂé;ui‘the eventual 4——:3;(0.1.11‘8101’1 will differ -nadicajiijyffrom the oac 3 T
T dscreed by the f‘unc; aloncu. re“la‘cylor!shlp '(-S‘e‘e ‘1gure Zil U—C‘S) | Clearl,y,, »_i‘f N _:_‘ ] 3
- . ‘ tkle ]—.ooseness in the system be d:e¢xecased, 4 dscreases and the acguracy of
X _ | ‘ . ‘
JR T - e gy
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3= 16
functichal copubat iy frp. ovos, Quoveresely, accuracy ‘can he impreved .
by restriiting the mete ot whlca vase:aules ave permitted to v é*y angfox k|
' the frequehdies at Wil e "ermga es iray @3¢iliate, From ths machine
. " point of view this eas ~uly mea: si.wiig Gow the computer. It foliais
that, for analogue <o oiters, acsurscr iz Linfted by the imsviasic
’ & ’, 4 v
e e - maximom p f iSSi‘Ulé woEsd T 77 T AWV R w_!
- ._:__ - . - ¢ |
R x '
o /~ R P o — .. 1
-, ) = TR T—me A
|
Z = - - - j
R | e S U |
T NS I N : : E
i t— :
iy e =% ' - -
<

° : ' , - : Flgure 3. 3 , - - ':wf”‘””"f

“ In the dlscu851on of T*’igure S.u“l above, no attentlon ‘was. paid t0
re51stor Rs which is seen to confiect thHe output of A +6 its own 1nput
__ This is feedback resistor 1nfrodaced 1o decreasa”anotherésource_of

1naccuracy by comparlng the ampilfler with its own 1nput. When the addetr

was«deSQribed aboVe; 1t ‘was assumed that the es1atoro I were small in

.comparison to the res1storq R. Englneerlng dlffl"ultles preven the

‘;diré¢t.t@?li?aﬁipﬁ~9f,#bisféssumptiQnﬁ but the use of feedback reduces the

eﬂfectlve resistance of r to =2 2 Satisfaetory vaite The feedback sérves

i



7 3‘?’1'7‘ B ‘ ?
also to decreasé the intrinsic non-linearity of the =mplifier, an )
) _ additional source of inaggurate~compgtation. _
The mechanlzatlon of division has now to be described, 4dventage
) is taken of the fact that division is the irverse o opération to multipldi.-
. cation so that if 3‘..%5, vhe‘l "_jjé?.. _Thus, thewhgéﬁﬁ;;§m§§§ analogie . .
- . &iVi&er.i§ a‘mg;ziplie; (Flg. 3 3-&; whoge potentlometer arny ;s:égli;g“_ o
by x and whose irput, z*, should ve b_ differs from the initi gily~uﬁm
known %, The output of‘the:multiplie;, xz¥, 18 delivered to a compari-
son element CE whose onner 1nput 1s ied by the kniown instantaneous value i
of y. The output-of Qn nlch 1s proportional tczthe'éirergtepm, X—xz?, o *%
g ) . i .- 4
- : is fed to ampllfler A whoseé purpose it s to supply a voltage 2 £0 the
o multiplier $o he fed-bacK-to-CE," “THe —system i sTranged-fo sesk fhe -~ .
. condlt on where the v6ltages at the two inputs to @E-agree3 iye&.whETé
B - i = X%, as'des¢red1 \the that the dividen unit is a feédbaék;ung;: V C
v . 7 whlch ;ncorporates another aritkmetic un1; viz. the multlpller. ‘This
- s the flrst instance of a princlple whlch w1ll be: dlscussed at great,¢
B Iail*ﬁa&s incorporate cone feedback gif.r’fp aroung the gri bmetic- Lni‘t.—sﬁ-;_- The
combantmon of comparison uiit &nd fe’uback systeém is called :a servo-
e g G T e o e e e
o - - &
A - 4 ' N i - - - - -1’_ ——
_ — e ;’—&—z-— - s - ‘ ) : J i - :
: """"} e 1:} o
" Pigure 3.3-4
» - W




;
3-18
The square 166t ¢an be mechénized by noting that =z » /¥ implies
T : y = 2°. Thus if figure 3.3-5 if M, is driven by z so thét % = z, the
output of the multiplier unit is z° and the feedback unit d; 88 z° tr
) agree with y as required.
One more ‘un-it.rem'ains to be dlscussed Analo‘gge computers are
S abletor generate the SFIvAYive OF & VAFidble i a simple wit. Fer

-

this ;pu-rpe'se, a motor=driven tach&ﬁf_etéffeggeneratcr 1s u.sed, whose op"eﬂizigp

is baséd 0;& the e-legtrém:;gnetic law t‘ha»t the voltage & generat‘ed in &
wire moving with velocity v through a magnetic field is V
I E o eskw ,ﬂﬁi‘fff:’f;:fi:ff_
where k is a constant. The derivative unit is S0 designed that the et |
- ,Mx drlveq the tachemeter s1mu1tanc;fggs_l’yjithﬁ}g;qnd__in_4511_1_@_];_:2 -way -t

the ae'ri_wative is essily ext,éﬁd'ed to include intéegration by rnoéting thet

" if gy o= fP x('r'__) d 7y then x(t) = g_‘:’_’ By féfrﬁii-ng, g_i’ and cdmparing wi i
_ Xthro., i & sérvamechaniam, y is obtainied, ' -
- : : \ulreukIOI‘ analogue -sddition-or multiplice '“
. a reasona bly smail package. Iu 'pi"éet"i'ee T
e several such units may be J.ncorporated ifito 2 spasé of about one-—'haj}.f
. ‘cubic foot, B o ', ] S SU——

In contrast w1th ‘the compactness of analogue um.ts, “an arlthmetlc

unit for a dlgltal computer requzree an apprec:.able quantlty of equlpment

[ — N HRs N

. '-and a correspondlngly lérge space. In order t0 perform ad‘d"ition, a -para'.1.-_‘\

‘_ E lel digital machine *,Cﬁ“llS for at least two (n+1) smgle—dxglt adders Te<
quiring about four tubes per duglt, and a small control unit to du\,ct
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the addition process, The necessity for providiug this wealth of equip=
o ment is imposed by the desire to perforim the aiddition in one pulse tirs

over (n+l] parallel lines.

A serial machine requires three registers Hr additioen, but it
;,:. o ,rrgial'beurecal}gd that e cb.reg%§te. v_“ 1sts of only on‘= bigary cell o
assogiation With & compact memory wunit having-arcagaoity.cf only oz
- mmiver. Nsvertheless in the cass of lew precision (n+l v, 10, ioe, shoud

'Q;l%) serial *eglsuers employ approximately as muck €Quipment as <

para11e1 ones, Moreéover, the contPol unit is somewhdt larger becaunse -t

is callea upnhil not .only to dlrect the £10Ss operatlon of aqdltlon byt
also to keep count of the fiow of digits snd to start and stop the pro -

E_betweeni*zf 11 i'and ser;al' T

T ¢éss: Consequently, Eﬁéfé is 1it %

computers as régards quahtity of .equipment,

2 -

»e

It would appeaf that addition in serial cbmputers;éhéuld take oo

siderably longér thaa in parallel computers; but fhis ig not necessafily

o ',,,,_;W,m,,, _true. In g;pg_g; l computer the addition_ of dlglts 1n correspond;rg

columns of addend 4nd augend reguires onlykbﬁe pulse time, but a much

B
- M e 8 [ [T

— " 1ongér interval is needed to allow for the propagation of the full car

frgm the Iowest to thie Liighest column, * On tne othier haiud, if ‘d Se¥ida

e D D ettt e i e ) R NP - J—

L2 Ben - S T e ma il ai el
VAL YR pruvccocu ad llclU

the memory unit, so that execution.of the.addi$i6n>doa§7not iﬁcnease;qgm;

. e e - [ i S mrai i — St mam o e el e e . B

putatlon tlme, Slmultaneouo memory read-out and adultlon is nrov:.deu in

some computers and is recﬁmmﬁnded wnen xea31ble., Other ¢;ﬁ?uﬁer$~wait

i

- ¥ For example, this 6écurs when 0000, 0001 i§ a adde tO*QillgllIi,tél,’

7. I

yield 1009, 0060 1n an 8~digit comwuter (n




T I e

until both huiibers are extracted before proceéding t& add, and in this.
case an extra computation interval of:§ﬂ+1)‘pulse times is required. Io.

general, (n+l} pulse times is longer than the addition time for am equiva

lent parallel unit.

 Both parallel &ad serial computérs employ three registers for
multiplicatioa and for division, and both accomplish these aritlmeiis
processes through a2 sequence of repeated &dditions or subtractions,

respectively. Neither is able to ctaim any advartage as regards ad¢:

b

T ”’ttonal reqalslte eqalpnent. ucwe"*r, the parallel compute is FTastse

since (n*l) additions in it require less time than (n*l) additions fu «

— - - - . - N e n . . ~

serial mgehine» : s ‘

Dlscontnnultles are programm ed by cans of the transfer 1nstwue
tion which permits the machine to meke its own choice between the routinrs
corresponding to the two branci.es 6f the discontinuous function. The

tPansfer instructich will be discussed in greater detail ir PR.5.1L.

~.-——Régardless of whether their internal arganization is seprial or

parallel, v1rtually alil ngltal bomputers employ at most’one or tWo arii i

P S, ——— . TTTTTE e T

e J——

fMetic units on a0ﬂouut of the appre01able equlpment 1nvolved, and thexs

_units ¢

X, %y _and transfer: As & Tesult the evala-

_ quéntially rother then simulteneously 86 in enalogue machines; in eny

‘ation of ¢he bas1c operatacns ae £ini; 1ng a anctlon has to proceed Se-

case the ﬁature*bf’digital computation precludes simultancous ewvaluation.

For example, the fumetion -~ - - -~ e e o T T T

—z = a_x 4 bx}? i . - ) . . . . .

RS
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Zx = b X x - ” k
Z2 T 24 X y = bx Xy
Ba = a X ¥
2 = 2% gzg= ax 4 bxy, as requiped.
T e e~ Rt 3 Tt e e TS IH the memory uni t are_:nvam ant T ti% eraswd)
i _ there ig noeniag ia a algltal nachine to correopond exactly %o Corpi i ansed - '
‘ N in an angiogLs maschine, The evaluation of a Tungtion £it) at Yine 3
‘ yields f ("l acgli?'a‘a‘—‘:;y so long as the data aveiiohle 'i's‘« ac‘i‘cu;i‘atte, A
7 - evgar, the digival mashige ig unanvis to- calculal.e (t) contidaously fo- R
_ S e e - - T T T T T o ) o
‘ - all t; the cazeuwlation ig Limited & 1l discretn vaJup S tk,, sp:ac.‘egi fromn.
- ' éééh 61;,he‘r a% v;somz:v (uSL 11y unrform'\ mterval At So lg?f js Au 1s - 87 R
‘:if—w:: ~%he comnie%—eis}xl;n;ﬁ.vr ralues betWeerzilitihé compu 2d f( tk) raay be assumed
‘ to be approximateq ¢losely by sm:ple formulas dérived £6r the px,.rp'éés
) bn the other hana, i £{t) is c-jerﬁplexanq require~s g large 1111;ewfa1 bt
for its er;raiuétion,, vhe adceuracy of these —,a?ppjgxlmatfiog formulae e -
. de'ér‘easé,s;« it fol\lcys ﬁ;‘hé; m .r_aalwt,ime:;s‘imul-a doms- $ie impTiory- B
accuracy of a digital ¢ cemputer is lzmlted by th\, speed gtﬁ whlch ft can e
S —réémpuﬁe,; “Thus the ’TIT;;;;i_A“{ 71:7~re°nons~1 ble 71"07 o3 ectlonable ;;;;ct" 7
B in- dithal comnuuatlonvcoxl'respondmg to thoese _:gffe 5.in analogue simules.— .. ]
- e e e s e __oi_l_w__,___ﬁ,
| is “acfc';ouﬁi?;a‘bfejh - j;m; ’ B ) 1
: 7
‘ : Feedback for analogue division and s quare-root has its dlgltal L B
- - "EHuhi'e'rbart;"«éiﬁ;ﬁg 1t_rat1;;1jiterat;ve divisién of ¥ by x ¢onsists of ]
. , . 0
,(3.) guessing at _én approximate reciprocal z; for X, {2} repeatediy im.
—- - . proving the gﬁe’ss by~ he Pecursion formula 25 +l = }z',x\(:é-;;czi«)g,( 5,=1:,,2,~ By et mee ) ‘ J
Vur'tll the result eq;als .:E. to the requisits ascu 'acy TAnG (:3“)'‘r;xﬁlmp].y:-~ i“ - Aé!
ing. z by i t(; obtain z 5ygr ITterative squarg, root AiPE s only m . ‘i
\
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the recursion formula used.
Tt was implied above thet function evaluation must be performed

as a sequence of basic Operations. However; it ig possible to incorpo-

rate function tables into a digital computer %< v1eld some functlons sSue

as sine, cosine, expéhéﬁiial, polynqmiéls,‘Withdtt thé need foP &Xui

cbmputatiou, quch function tab;es are exce551veiv erpen51ve “to build i

all computsasion is gé be avoided; the saving effected by limited tabis:

is ques#ieaable, pasticulal rly where low prGClslou is azcentavls, Qbﬁsem

quenily, waen the ERCG eqaatlons were réorgendzsd ia S echion Z, suck

functions Were approzimated,by one ér more straisht lineS. Purther p3rti-

.
‘o o0 S, - e =t 1 e e e e - N . . -
nent-resari a"=‘+ﬂ be feund dn- Pe=Bule o S

The leyblc$tv of aneloaue @gifferentiation and integration unfortu

nately canrot be matchsd by‘digital mechanisms.

< e

- 3.4 Machénizatiég,gﬁ,Sojgiion'Qf‘EQQaQiOn§ B - -

It is 1mportant to note at the outset that th ere are two posgible

1nterpzn adions of the sign of equality in eXpnessiQns‘Such as

— DU S - ———— e BN - e B .o B - - -
T T - xsimx 7 'TS.%—IQT‘? T
On the one hand, thls express1on may bé an 1uent1ty Whlch statea that the
e X e e ]
'dépéhaaﬁ%“ﬁi TERIE W is equal oy of vhé —A—ffff%

independentrVariaﬁie~xa Iﬁ this case, x may take on eny valué X, within

its range of ex1stence, the expression {3, 4—1} then presc ib the pro=

1 —

cpdure for evaluatlng the correspondlng Wk‘ Gnr¢he other hand W may be

4 éonstant. In ‘this case the~expreSsicn‘is‘ah:equatioh;'morééver, it

imposes & reste ~»‘$1veucond4t1on~on_xbﬂlﬁm1t1ng“1t_£p_a set of dis “ret AR

)
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velues whose magiitudes -cannot be found through

[wn
w

ot
i

»

e
]

of a function. , =

. , It might be argued that on o.c,cas{ioh‘ the solution of an equetion
* can be reduced to functioh evaluation, as in the following cases:
e e @ e gax b =0 implies— ¥ weaigafes o) (gl -
P ) . - ~ » - R ... T h ) N T e

A sin (kx + b) (3.4-3)

ax? + K§ =0 implies ¥y
x : i N

" In these cases the solution would be obtained in a computer by

irect evaluat

E v
43 idtn

as isseribed in the preceding paragraph P. 3, 2.

et s —nEE=—= P — oy - - - e T n e

Unfortunatély, these cases ure the exception, anmd

in general other tech-

for mechanizing equadtién 3:4-1 (with w = Q) is shown in Fig., 3.4-1,

of intercohnections of many units; whigh serves

“ -~ P

niques must be employzd. - - o
__ .. Tv_an arelogue computer the solution of of gguetion is obtadined by

means of the comparison element {see Fig. 3. 3-4). A schematic diagram

_connections are observed to e of twg distinct types; (1) the lower set

16 evaluate the function

_Ths




- e DR
R T ——

-

i

(&
I
0
N
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X - Xx sin %, and" () the comparison elenent CE, whieh directs x to vary

3

until the function becomes gzero, Clearly, this network is a SETVO-

units, Conqequently,

°

there is a considerable delay around the loop.

_ Assume that when the function. ismhevntﬁmn the-CE-isconieeisd 5o as io

in¢réase x  and vice v-ersar i.€« the fgn"'t iofl is assumed to increase

with x in the neighborhsod of the éolution X, as shown if Fig, 3.4-23,

‘Then; if at time t the 1ndlcated enalogue. value: of x is Yess than xk,

the CE will make x increase; nowever9 bécause of the delay of trans—

coeTe - omissidr; T, “thrdugh the e evaluatlng netwo”ko the CE will 1 earn. of the

>

arrival of x at- ¥ only after x has excéeded xk. Flnally the."E w1ll

©

e R & 2 S15/ 400 Bt S o Y SO WM TS TTT -

SEed 1o aecrease ®, with fe_y_té'f'étershoot"

on the Zow side, ‘This sequence éf trlals durlng which CE hunts for the

Until now it was assuined thatnw was a constant and that x had

amplé time at its . dlsposal to seek 1ts s<1ut10n.

,HEQWQVEf, weould con= ... .. .

celvably be & varlable itself [and genera11y‘is), and the tﬁmeavailablé

.Eorfect—Value'xk is deplcted in Figure 3!4f2b9 . i )
\
|

4 s e e ST TETTEETTTT
NI i Hn e e e S Tal - e =TT -
=] T I e
X ~- 4510 Xt T /
- R e e
- d / X X =3

‘ ] % o - Figure 3,4-2

£ .
) R T Y T T e




3a,"j2.5 oo —

L e e R R R R e e — e e o i e e
i
|
|
|
|
\
|

for x-hunting would then-be determined by the Pate at which w variss.

Moréover, if w were to vary sihusoidelly et a frequency «comparable to
) ) the hunting frequency, the overshoot error in x would incréase cumula-

tively., These cumulativé oveérshoots ceause thé:syStém to break into

- e s =5

tfs’péilﬁa_ii’é:dﬁ"é 'oséiil i6n ér %0 behave in a manner whlc;l; does not beéar any

- 1mmed1ate relatmnsh::p t+o the *sol-tion,s’ sought. Clearly, thé &ystem

- will be even moré susceptible to this unruly behaviour when the equation
becomes complex (e.g., if £{x) were a more ccmpi;éx T ‘ét on) ang/or whéd

many equatzons must be solved smultaneously.

) , To s,nm,a;‘i’zf,e, the sclution o’f equations xzehqu»:'f;_nejs interconnections

svstem mstablhty even though all 1na1v1dua... uzncs are Qtable. The 7

&y

tendency teward 1nstab111ty mcreases with 1nc*'e==sing o plexn;y of the

equations to be sodved and with the number of feedback Idops. It should

be noted that the latter increase repidly with the number of equatiéns

~ (roughly \a:.‘aéfj;r;e’ squarel. . . i . e

Just as it was possible to improve the aceuracy of function

[T T evamatl g"ﬁy dow :‘g g down r,he rate :of‘ anaLogue maching computatlon, so

i
KL

_ 1t is poss1ble to restoro stablllty when solvmg equdtmns by mcrea"mg

o= =

— e [N —_ —_—

uM@' -,so’]sutm@r_; Sifie. On theé ot:her hand, the rate of computatlon in a real-

s 't.i:fﬁe ssiﬁuléfor is foréed upofl ‘the .an‘aﬂlog,ué system by the characteristics

e RS RS e e [
" B POV PP -

of ‘the devme berng °1m .1 éd.; I,t follows that. tbej, re is .an upper limit
B , - to the complexu:y wnlch 2ah be mcomorated into an analogue Simulator .

" requiréd to comput*e- pesn rcal time, - - T - C o

e T —p-ddgival- somputéd the “SOIUtIoN to 8 quatvron B, -0 might be

N




i St == = i
- AT e T S b i - W e, S ISR m-m"_ B T — o
! - —_
‘ _ - M
3-26 |
3z

cbtained by iterating u\s’i_z\xg” t.he recurrence rélationship

- | Inai T Ep - xn i e o ael20e
) s = X cos xn-»sm e . (3.4-4)
. vhere % Xn4y ;gﬁa 'gg;gge:_‘_ggngjgiﬁ ation. to the .cosrect value xK-than the - ~—wr e
- o prevmus 'gufegss: x . Cleaflm each improvement on the preceding appr'zom-’. )
- mation mvolves consuierabie cornputatlon and heice an apprec:.able t:.me
interval. It follows thfdi mc{'f‘?f@ aceuracy is obtamed d_only--at- the o 7 .
é:rcbence‘ of spegd of computét.lon», fhen w varrjgrsﬁas X is bemg computpc; ’
- — = “theé ™ dlgltal comput.er st clearly cho;se between (1) carrs 1ng the | N
iteration pro¢edure o T3 céﬁiﬁlet‘ion’-and falling behind iq itsﬁc’omputa,
s g soy 1n-6Fder o kée?—’ﬁf:;’:,wu:
‘Figglly,; thé iteratidn process is 11 ble to develop oscmllatory
" behaviour similap to that developed by aﬁa»logue"servor’necna'n'ijsms._ This is g
a particularly true where ieal t,i’ﬁie considerations neceSsitate a large ]
interval in the S;Dlutlﬁﬁ of & conplex d1f nt1al equaticn or of a's;citv .
— A‘m T of smultaneous-g_lvf-';c;;e;_ﬁz;i lé-q;.;;o;ts; SI;.Ch- ;; the ERCOmequét Tons This ]
S S characterzstlcrw ’ : =2
;:i:_“::-j{*_—:i: - thc.ff—"'abiJ.ny To compute in . eal;c 1meJ whem T.he_.equ
T é,omplex.- ) T )
_ o The precedlnz paragraphs ‘were devoted to an extend_ed descmptlon :
o e Mc‘)_:f'”ézuléziogue an;Engm::ct;néomputérs w:ﬂ:\-emp 7am ; -on 'éhoé@i ch:-ara;ce_i:isti'cs -?
- . fgif‘h_ Aa_if{e_pl y_l}g_gggégmgr of real»tlme mnmlatogs_.___’i‘h& Asucceedmg -papa—— — — . 3
L | 7g;;>hs ;;fil be ‘concérned only wWith dlg.’r cal co_mputerb, in particular w1tb
'x: o
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thé digital representatiorn of numbérs and 1its influence on cemputer -

[PPSR

. spée&g It &&ems appropriate, therefore, to summarize the precedlng re~

- marks by a direct enumeration of the advantages and disadvantages of

'S
- .

both computers, and this will now be done, - o :

{a)-~Basic Units. The basie unit-gf the digital computer is_ ]

reetrlcted to a narrow set ef Qpe a,, _s amely, addltlon. suotractlom e s

s

mpltiprication, dlvlszon, ang traﬁéfer; Wheﬁees the analogue cempute:

o

D ut;llzes ba31c unlts capable of perfcrmlng not only chese operatlons but
& - .
a¥s0 evalustidn &6f mohotonic functions; dlffn”entiat-en, ang mtegratloilo

{b)-=- -Size. Thé sizeé f the digitel unit is many tlmes greatef

« <

than the 51ze of any one analogue units On the other hand, the analogue‘

\u(,-\

machlne is compelled Dy 1ts‘mode of computat ion to 1nc1ude a separate

unlt for &ach and évery basi c’* at10n° consequently cach s1mu1ator

‘ must be judged sépsrately befQ?e a statéement of félative'size of digital :
' vs. enalogué can be made. Whére the computér is to simulate seversl B

similar deviees,” elgt many cockpits of the sameiairplape type, the.d{gi—

. tal maghlnemmaj afford a saving - h“ough the use of a memory unit common -

toiaile However this possible. sav1ng réquires Iurther stuay.

< e

R e S S ppar oy

{e)~-Speed.. The inherent speed of the aigltal arlthmetlc unit -

appreciably sxcéeds that o; any one analogue unit, On_theﬂgygepﬁgeggLL

the analogue 31mu1ator employs a multltude of un*ts» - Thus: the speeds of B

B RN

— N - v
el

the twe systems are about equal for 51m97ator uee, st least at the ,'_ S

UV P U DU RSOGO U
B S S ot i o M i e S e 8+ e e i o h et et R BT e e L TR

present time. L ‘ " _ . .

- -3

(d)——Pre isig‘ Digital machines are capabi

‘ n—»

e of uniimited pre=_ . -

¢ision whe*eas analogue machlres\are inkerently ipw;p@eeision devices.

o

rpey ' U - - ’ . - ’ - ) ' ,"‘
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Where hl&h precision is a prerequxslte, only a dlgltal system can be

used. Fbr most 51mu1ators, however, p”ECISlon is not a serious factor.

N

(¢) -=Accuracy.  Anslogue systems are parallel systefis, perfoérming

all operatlons simultainecusly through a large set of continupusly varylng

unlts. Gen equently all _p amoters are avallable at all tlmeS° however,

becausg of the multiplicity of interccsnnec:%'i‘ona the cc@utatrioﬁ of the

N S

parameters is generally somewhat inaccurate. Digi tal s stems are
P

sequentlal systems, performlns all operations in Time sequence through

- A

the,one,arithmetic units ConseQuently, all paramete;s are computed fop

e

discrete instants, at which points they are known as accurately as the

°

componient datd allow; however, beéiwsén these points the parameters are

e

. of fallure %5 a mattér of study 1n each case as 1t arises. :itiis fre-

known, only 1mpllg;xly,and raliy m i;ée;aségmed_tﬂsi}reegwizh_xalue§ga,

-obteined by means Qf‘é@broximatioh formulae.“ —

» P - N @

; tf)=£Stabilit¥. BQEEVSyste@s peffofﬁ/sbably'either where thefQOms .
putation is' rudlmentary or where & complex nomputatlon may ‘be performed

at indefiniteiy low spee: d Similafly, bogﬁ_ systems te d uo 1nstab1~rmy"

<

I

—— N & m e

'”when a compﬁex comput atio ﬁ?ﬁ bp performea 1n Feal time. The reglon

_queﬁily necessary to simplify a c0mpleg coipuiation for reel time simula-

tinne +tha BROO amist
T10n:3 TAe 2LV eQuaT

true laws of behaviour of the airplane they represent, the

<

feafnangemen+ of yhe ERCC ‘quatlons ia Se tlon 2 above represents &

-

s
A - .

milar 31mp1r11catlon best suited to dlgutal slmulatlon.




{g) --Input-output. Information received by the computer is
generally Suppliéd in shalégue forms .‘Sjifn-ila;riy s information 't'i:aiism'i"tt‘é‘;d

by thé computer is generally fequired in analogue form. For examplé, the

stick and rudder mﬂ"ements are moc't ecxs:v.ly ocbtained analogue-wise through

A o

potentlometer whlle the panel mstruments acmand (analogue) voltage for

et P ~ —— e L USRS i

t"néi? operation. Clearly the anglogue simulator has the adv,ant‘age here -
éinc:ef’ it is prepared to aééépt and supply information in requisite form..

The d1g1ta1 simul ato must be prov1ded with mechanlsms for codmg analogue

- — _ - - 5 e - T U P

parameters intc dlgltal form and v1ce versag Further remarks on -eodmg

and d Gin 18 Wi 31be ;ound 12 S,e__.;:;i;e,n 5,&

= A 7 X X ~ __ - - R _ JEUCUR U VU

o ',('h',),.,-‘-lg";en_cipi_fig{yt, Tt is in this respect that digital systems show

marked superiority. In &6Fder t6 smtch from one routme to another on

iy

analogué computers it is necessary to reaPrange and/er replace a .la,f';é

o

numbér of physical componeiits, réquirihg vappreci.,abie‘ efforft and time. In

the case of digital computers each routine is represénted by instructions

T ang -m_z_Tanefzé ‘recorded on an éii‘i.éiihai‘ “stérage de,vi'i'c,e‘ Suéh as a pu.rxchedl or

magnetlc tape, and the tapes are éonveniently filed awdy in compact forfa

_in & llbrary of rout me.:. The alteratlon of a routi'ifz (,;g hénce ox,,fghe

et e e s b et . S e e e . el RS i Sy e mmm e B
= - = —— = = s = = 7.\f Bl

comple < smulator) is éqcompljrshed él!l’lpl}_{ ,by changing tapes. ' e D '3

e —

Tj‘r; i Ht ‘be araned that” 1n 31mu1a’tor use the proesssg of switehing

a digital computer ff‘om the simulation of. one device to another requires i
PR . < |
) connectmg the computer puy'smally to a geeend- unlt, \,.gi from the coék- |

-,pit of one airplane 'to that :of anothsr, for input-'-output purpese. However

thése connections are relatively few and would probably be handled swift=

7 ,ly througn .;wvtches or mult1p1e~ ontact plugs. In any case tiie ~8éme

S R b e e e = == - —— — - SR N _— e —_——— - st

A

I e . -
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o e - 16gue omnes.
Tt might further be argued’that switches could be provided for

rapid transfer of the analogue‘simulator from routine to routine, How-

ever, for real tlme simulatioa of an airplane, such a sw1tch1n Heme

=

= SN NS SSw)

would probably prove so compllcated and expen51ve a5 to be techn;ca ty

undesix.'ab:le:-

(i) -=Future Poséibilitiese The probablllty of marde 1mprovements

—_— e - - P ;

-~ in analogue computers ig rather 1ow partly because analogue devices have
#lready gone through many stages of developmeént in the pa.st,- partly be-

~cause modern improvémeénts in &peed and eccurady appear t0~depend on- in=

xcreased s1ze of units. On ‘the other “hand, di ulgltal computers are still in-

e}
D mIee et - o

thelv 1nfancy and all 1nd1catlonq polnt to smaller, faster machlnes in

the not too distant future, it is partiéularly important to:note that

e . F:om,the'above,‘it'foilowe‘that*a’choiée‘betwéen"analogue and /f

|

-&igitai:s@mu%atiﬁﬁrefrcne*airplaﬁé-ié not élear cut. It is to be hoped '[ ..

+hat “the. 1esﬁ1ts oz thls and sxmllar progects whlch compare the capabili= !Amﬁ

d1 sital computatia 8peed appears to improve with decreased size of un1ts.» ‘
i

ties of +he two computer types for performlng particular tasks, will I

1

i |

A2 e D 4‘-
¥ £y dvantages and diSadvantages 01

- — - ——

H

j

|

| L

brl«r;& t6- 1ight and emphasize the pelative adventeges and disadvan |
— - !
|

i

" both, and will stimuléte further reséarch in the application of digital

computers to real time simulation, - o LT

- - T ) C ’ ) co- . &
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3 6 Parameter Normall at;gn ' - e

It was poanted out in P. 3 .2 that analogue parameters were always.

p—

. , .

I

normallzed" to obvaln méx imum p0881b13 precision . frgmhihe;%éw:preéisiogr<n>ff
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analogue units: Furthermore, it was mentioned that digital parameters

1_ kY

néed not be normalize hie theoretically unlmlted precisicn

"

availablé., On the other hand there are two major reagons for normaliza-

)Gla

e
owing to

]

tion in digital computers which will be diseussed here.

The: first reason is asgociated with binary po«ini; locati'on.‘ Con'-,

I:y' d : ’c ; chme

1’.1,
m‘ '

e o s 3dér—the—ext ctided walyiplicatton of”ybyx if & & bBin

with binary nomt between columms 3 and 4 Iy

M

1C0.CQ0 and
X £.010.000, the product is given by xy = 1000.000. The significant

. digit "1™ canriot be aécommodate Q. by the machine since it is too far t6
the lef‘t the loss of this dlglt results 1n comp*ete mis nterpre'catlon o

of the magnitude of xy. On the other hand if all numbers are

restmcted 50 a va‘lue less than unlty +he loss of dlglts occurs. on the )

= ' rlght hand s1de' these dlglus may be ast aside without serfinus conse-
TTOT s T qUencs, B.g, .1()0 OOO, lll 111 dlf‘fers from 100 000 by less than 3%.

" {Note however that numbers may "move off the left énd of the mechine”

-even in t'h‘,i\s‘cass, ‘namely, wheh addition is performed) .

The second rsason for normal;zatlon 1s~1n_ order to-8htadin - .,

efficiency of representat,;og Consider the two decimal numbers 257 and

R s

T e 6‘5@’,‘ whose blnary representat:ons are 100, W,OOl and lOO.,OOO 0094 e e =

respectively, Bnth nurbers are ""éorded by meang-of nin e s;gnlflcant

— bu.,ua‘J Gigits 806 tHat tney ‘are equall,{ precise in bmary foxm) However,

to accommodaue both numbérs wou ldf 'i"equiz"eiat least an I8 digit machine =

S - with céntered binary point; 4s £61lows:

s

“(

100,000,.001, 060, 008,000.  © S L.

o : and ooo,ooo 900, 160,600, 060

L o s et S s e it -

e e T _,,_;’__“_.;_ [ESUTTIR PSP 1D AU UUS R A USA




Clearly this system is wasteful 6% digits, providing precision far in

|

1

i

i fes . . , . 0 P I J
excess ¢f demand. Ngxmalx,za:b;gn of évery parémster ps B3y to f} < ¥

in such a way that all constants and the maxima of ali varidbles are just

- 1ess than un1+"f, pesu%‘:t;s in 2 number system wherein every parameter has

- a fin nimuin of excess pre01 ign o and hence in a machineg «’ritﬁh the minimum

- o ogeguenge,  nEl; cg_bmazw—d-i-g—i%s‘ﬂw nofmber representation, - ]

o

.H_fflclency of representation is. important. oecat.se it permits the -~ - =

size and cost of Béth the arithmetic and the meriory units to be reduced.

liore important; it speeds up computation. Sifice, as has been desecribed in - :

P, 3.2 and P, 3.3, all the basic operation speeds inerease with décreass

It is always possible 'boV”Ijlorméli Ze a compl°te routine, aithough it

|

|

|

|

|

\  ing (n+1).
},,__, = may e {and genefraxi‘y“is)“ne’césSézty to invoke the aid c‘f‘ the shifti
| process [mult;pln,fcatz,on by 25}, In fact, the manigula

equations in Sectlon 2 is an example of normalization procedure,

o

B '7 Preclsmn

~ e

P

— *he- p; sien to te “adopted \for the dlgﬁral A¥rplane simulator is

demanded for repreoent 1ng alrp_!_an& motion.. ,;@ SR

t Q)"

FE I

2

on the method adopte,d for numéricsl integration of the equations of

motion, Since neithe T Of these has yet been eryst 2Xkized, the remarks of -

|
“
i . dependent on vhe accur
|

subj ect to modlflcatlon in a late; report.

o “ -

In Sect;@;; l, J;t was estlmated that an accuracy cf ugen percént in

tne computatlon ot‘ & manoeuvire shoula be sufflclent fo

ra sat 1sfactory

-simulatos, . Somewhat b.ett;er short- int,erv-,al accufriécy: s ~requvii*ed‘, Jp‘,éi'i"éi)é

% or maybs even 0.1% This corresponds to between 7 and 10 binary

- B i e T T s e SN
z e B -t

3

. . R - i e
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\ , :
digits, inclusives T -
The height, h. &f the airplane recuires special consideration. In
) flight the value of h is é:f‘ the ordér of 25,000 f,.ee"t;’ consequently &
. ceiling of 40,000 feet was ad‘op‘ted‘ in the normalization .prgcé/ss i"}'; Sectlm
. ' 2. At these heights there is 15 Heed to indicate b to better then several
\* T T == Hundred “fe”et', g precision of about 1A;. ] On the o};}ler hanél w‘len ’{;%-—amr- ——‘T‘m"ﬂ
plane. is néar ground;- s us,ual to indicate height to wid:-h;i_:r; abousd ;c.,en:
B | , feet. Altl}’oughathe peryc,ex'lt; avc'c‘uraqy is still about 1%, thé pre¢ision
7 r,equi;z_edfi.aﬂ ‘abont 10 in ,.V.OO which ~calls for 12 vinary digits. To ;
='o,v,e{rcom'e this di»fficul—tv in the airplane cockplt th alti m@'@er, which .
is an mstrument incapable of better then 1% ageuracy, is prov1ded wﬁ;h
o two scales wnh the lower scal—;aﬁnrépr;;teis; expanae;i“ In the dlg.‘.tal
T samulator ia si “iiar m;t‘:i‘;)d mey b;e e;n;?lsslgd—bﬁ px‘;ond;.néﬁ second ,normall- N v
- zatlon of h, say at 400 feet' however, this. tethod makes add1t10na1 s T .
. o deménds on the basic cqn@utatlon' interval, A%, and is to be a;iiéid“'eda . ]
It appears then that at leas.«t 10 bmaIy digits aré requifed to 3
B __‘ ___ obtain satlsfacoory precision, On the ;QV her haad tug_g_o_malizauon_nro_M___*
_ ¢édure introducsd the left=shifi; for exax;aple, after V¢Z. is
) T “Eh?é‘&ﬁ?{wn for By ;{E&i?&&ﬁgﬁl 'six, it is shifted left 5 cok o
to ba —mult1plle d by __3—”5';: to &nsuré it$ precision of o*°
e 0T ry digits mist-he provided, . "m;LZ;;;;i;;?ilgfgm;j;_f,;“, R S
1 Even in the absénce of vt'h.e éhiftir‘x}g’ proce‘s‘s,: it woufid be :;,e,ceééaf:y
B - to aXlow ‘Cou; ‘u-l-uﬁ-t-ua teTause Gf FOwNd=oii error. 1Nis neea becomes T
: particularly clead in t‘.’hé case vof' ihtagratioh. To 111ustrate, cé.—h"éla;r" aj’—w‘ ) !
" bmary-—dlglt vmachme' in whlch fh;:;i;rpiane ;g;epd ;tt;me to 1s 7‘7777 " L i
) - '.10__:__m9+‘.)o_ing the incresss in speed per 1nterval PAY A ) Au,=_4 OOOOllJ AN
o . B o - e U %

mmmmmmmmmummm
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3=34

which the miachine recogiizes as zero. Theh .after 8 cycles the speed u,

Would hes
True Ef?sult Mac“me (,ompuugf ion:
! i'i'b. L0100 0100
8 x {fu} 0oLl +0000 o
w01 (=) owo (- ,\a_s)w o
Of course the relative error is exaggerated in this example and would not

S-S5 - be s large in-a 10=digit macnme‘ nevemheless, an annrecuable epPror T
7 ) would gecur in the lat ter m;hme as well, - o - ‘ -

“ From the above it follows vhat a Teal time digital simalator
| shoula ca:m.y a spanwc;f z;bout 15 bznary d‘lglts p];us one ?{E?WAF:@Y_{?{._M_ L
T T the algo“‘br;c sign. ‘T;”T:;ﬂ‘ffj' 777 o ) ~ . _ __‘__ e
’ ; 8ﬁ MSentatlon of Magnl,tuaes - : .- 5

R - In the preceding paragraphs the §arame%éfs were assufied to be
gepiegented m conventionel form, for exsmple, the magantude A'was glven .
T T T py o - T e e e —~~ T, e e s e e
, - S e e e < S ) S
L Metaasageeea, s T oapalter  geay o

. N j=0
o In crder Yo minimizs t:he numée{r of digits :(n»'-_‘ig)wi'- as found_ .dvisable. e
‘ to Liiomali*ze Qﬂall p‘arame%er’:'s'. "‘Yio‘;e:iéir_“the alggliaue m;;;mum could not“ T
be achleved on ac c;ount of the a(ccompanyzng requlremenf of left shift L
T d» B which 7r:.eces,51tate,d the' use of_ _about % extra 619‘; ts, a 5(577‘zu_ianc~reas<e.f Slnoe ) ‘
] j N ;r?;b;h_ése; excess & fachine. equ1pment and slow-dewn the .. . . . .. J
) arlthmetlc pracesse;s,\ conslderatlon we;s e'rven to otﬁer possible repre-—

o
W‘T;{:m ceTTTTTTT "“s"eﬁtathns 01 magnltuues. e o '““':”“"“ TmmmTTmm o - ("‘“'" i_ T
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Attention was first dGirécted to the semi-Jogaritimic or floating

- decimal~ =point system, in which megnitudes appear in the form

Tk~

ASL ‘= 81 a'g -"".--.'*s-'al;. i bm b__ 1 -l bd ‘(5.8“2)

l ’ ; b 23 ) e

- - : = Z_‘&T‘Z“‘i x 2 J—U T - e =
. o L e
I ~words, each par:ameter is represented by a fractlonal number ('ginazgg} ]
. point at leit hand sme of number) and b;r an —mde; whlch determ_x_l_;;ic:_ef;w;_i___«
actual location of the binary point.* There is some question as to
, . - whether this sys;gemﬂ weujid resuit s a ’éévi-ng d glts- in fa‘ct,'; it is
8+ pwo T
T igits + oEf aigevraic
- El?ln most dlgltal smxulators. In any .éve‘nﬁ the;ewod.& reis'?ﬂ:«% aﬁ T
"serri'ous décrease in speed beé‘aue‘e the arithmet'ié processes: beceme more
complex; for exampl‘-,e;.,, in ’éhe Raytheoh Hurricsne computer the speed is }
] I"ed'ﬁu'e ed by a factor of absut foar. - ‘ S -
R - A ll‘t‘;“«:e Cuons;llde‘”;t ion was g ven 16 the 1ogar1tbmlcﬂ syetem where
S B V:the\ -magnitﬂigie A would f‘irsﬁ be ‘:*""*n‘{él'irzed\ and then be represented in the Q
o S’imulaﬁor by its ibgarithzn {to any prescribed b Th:.s‘ representa—- ~ A
S0 -
T T iion has whe advantage that multiplicstion is ished thmough the .
) addition operation, -a much faster process. 4 see.e,n'd- ad'vaggag_e is fgkﬁxé@

ave. SO “oudr tHg ratio of “suc—

% o o o .
] cessive numbers is a constant f‘;ila(gt.-ion, On the ovher nand the system is

2 ' ' é;',

*  For “e,xﬁrr’.pl;e,“ the decimal ,ﬁmb 83,245 would appeéar in the form




ez —— - e e e e e e e e e o
556
ungbls %o rendér the number zero; moreovVer thére is ho Simple way in . ;

which Yo mechanizé add¥tisn. Consequently the representation was not
studied in any detail.
No other simple systeme could be discoversd. #As e result it wa:»

concluded that the conventicael representation (in the binary notation)

T gt e TSt PromiSing. T
7 3:9 Speeus of Cur—gAj“Di 1ta1 Computer
e o T
o _if,??,:,The “urpose Qf thls‘naragrapu is 16 evaluate tne time requlredybyﬂﬁ_. S
dlgltal computers currentiy nearing completlon to perform the ba81c

operations of addit1on, multlplicatzon, d1v1310n, and shlft, Subtraction

— . ----Pequires.the samé time-as addition im almost all risdera iﬁé‘éﬁhiﬁéé} - Two

R ", Whose tims of
e 5, and 12} the
Inst‘uLte for Advancéed Stuay “IASY mach%ne;. The I”Sbils a oerléj
ﬁach;ﬁe using a mercury delay ii@é méhory unitj the secoénd is a parallel
- machine using a cathodea#gy tube (Williams) memory unlt. 7
s Nﬁ:%f;;:;?:::::}%fiéﬂéhéfaéieifgtic.ef s}»ﬁglé;~speed dlgltal cg@putefsrtﬁéz the
) ) 1nstruct10$s whlch _seguence. themrout ine -are. stér§i i the dnternal ——=
memory aiong with the numberé on which they operate, * Conseqpently, i%
PP » 858: o -“bake t;t;e tlmm_ggéﬁf‘iﬁ éﬁS@inther;wg
“ k ' tion@’fnom the memory when calculating éie toval time to perfcrm ah

In fact there is nofhing tO»distingﬂishzbetween ‘an iwstruction,and a

L3

numbier in the*Mémory. On ccva31on it is conVenlenu to use: the arith- .
=L -7 . metié unit o alter an 1nstructlon- an €xanmple of thls is in tie
' handllng of minor cycles {se¢ Section ). ’
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operation. DNote also that almost all opérations require the specifica-

- tien of four addresses as well as the nature of the operation; for

exaniple, the four addressesurequine@,té cémplete ah addition are tlidse
of the édddend; the augend the sum, and the location of the succeediqé

1nstruct10n* ) ) %,

- ’o

The Raytheon hurrlcane computer uses a pulse repetﬂtlon frequency

pPTovided (se

elgebraic,s&gn; However, in'erder to make the fachine selﬁgchecking,

‘es was increa sed to 36,

the number of dlgite used to O _Tepresent ma

Consequently the number length and hence‘thelﬁundemeptgl cyclg:igiz:va&

) -

is 36 XHa§~ = 10 mlcroseconds (psea.t. Because o "deag" 1nterval is

3. :

‘6 ~ . N api g i
se P. 3.2, the access tlme is tvo cycles o1 2u use¢ per

(PRF) _of about 3,6 megacycles and & precision of 30 binary -digits plus

Aunbers On The other hand each - 1nsuructlon ¢arries four addresses re-

quxrxng a length 6?‘?5‘&1g1ts, two number lengths, hence the access tlme

for an 1nstruction 1s three cyéles or'so usec. Again, it should be

noted that only éne rumber may be removed from or insérted into th# mervirv

aurlng any one cycle 85 that access to the memory must be)uemfermed-sen-wu»-f«

L _ e -

quentlally.

Jp— e e

- cleaeiggztﬁEn;'%hé”§i1j Yo perférm one operatlon, A B = C is

ca¥eulatdd -as follows*:

e s e
= . PR
- - TIPS
I et e T Al e ey - o
e m—— e

S U

e ) *Remcvdi or instTEastion T = 30 usee.

{v) *Removal;o; A — - 20 psec. )
(c)"Removal of B ',;lzo Hseém : e .frcﬂ

N [P

-

= TTTFT {3} Operation time = (sce below)

(¢) Imsertiepnor.c .. . 20. Hsec.,

~ - R . » - - .o - - »

‘The ‘symboi o s heuld be 1nterpreteq here as +,-,X,0r +; in, the case 0¢.
“the transfer operation the o 1mp&1es'subtractlon and then the thip d
C&ddress CfFA=B)" réTeTE T to tag 1ccatlon of “the alternatlve succeeding

1nstrgctlona o ms '

.
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Thus, the totcl operstion imé is (90 + t,) usec; whére t, depends on the

: operation being performed.. Noté that theve is a sybstantial saving if

the operations are séqueniééd s6 that ohe number is already available
from the preceding operation. For example, <¢onsider the operations

{A+B) x D, ° ;here is 'ng ‘Yonger the need to 1nsert € = A*B. {e above) nor .

to remove it for the operatlon ¢xD (b above); thus uhe total interval re-

[ e an v n v Rn e e e e e e = e s P R e TSP SRR —_—— e

quired is only {140 + ty * tl_d_)z usec, a 'saving of 4C psec. Note also that

— . there is a similar savmg of 20 psec in the transfer -operation because

the’result of the compar1son is needed only to maxce a ehoice between two ]

subroutines and behce is né6T mserted ‘nto the m‘efinbzlyi..

= = v mmme = o

|

|

, N

Fm'\.Ll:y, The time required to censumnate addltlon, multlphcatlon, ]
1

3
§>.

- &ivision and shift “exclusive of removal and IASUFLicn is fy =
. ) tﬁ'? ZSG,tD = 450, and ts 85uSec., respe tlveLy. Tote that

’tMJ {n+1). tﬁ, as mlght nave been antlclpated as a result of the dis-

cussion in P. 3,3. This i;‘s:-bé;:cause part of thé computation time is dé—; .

o o

voted t6 starting, StOppmg and selucheckmg, and these occéur only once .

— e T el ov e — - TN aEE - S ISR C e

in ftM.-

algebraic sign), ABceess timd t6 any number in the memory is about 10
<

(N - N . Lo

U usec.; and numbars are mthdrawn (mserted) sequent .j. ;_AOperLatnkqnu .

(24

* I

o ., times are DA = 10, th; 480, t = 500, and tS = ‘an?.usc-c.‘; whe“x‘e m is the

e ‘Gf“’CCl‘sK?‘:ﬁS shifted. These times are estimated, &ince ofncr"- -

o P

values aré not immediately available; in partieuler, {1} the maximum

_ T T—n T

o

3
value has been used for % Yy since in a time simulation problem advantage

va

‘E(i?nw.pfob,ab:,y h’Qt'be taken oxf the speed increase due tc;;"zzerq mmltiplier

"

% gy
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digits, and (2) the estimate of iy may be somewhat high.
Instructions require only 20 binary digits ’butA ~provme only one
o ‘addréss, Thus two instruciions are withdrawn from the memory at one o7 B

time but‘three,instruciions are needed to complete each operatien; No

address i§ Péquired to locate successive instructions since the latter

are stored

r""

o e_gsecutlvely numbered locations in tg mumory;*it ig s

flClent to prov1de a blnary counb“r to dlrect the sequence 6f commands.

¢

ngA,quently tne executiun of twu iadependent operat:
B

N

b= :
P

1S aeq ires that

1nstructlons be w1thdrawn from the memorv onlv +hre= tlmee. Th sty of

) the transfer operation is t6 set the'binary cbunter (dlscont nuously)

the flrst adaress of elther twb new subroutlnes. 7

STfce both Thc HafFlcans and the TES machines provided ﬁéfé"ﬁfea T

e eeem D T e CeR e cenm e e e e o Y

i

cision tuan s requlr by'& 31mulator, the operatlon times given abe

<

are longer than they would be iA a speclallyades1gned digital sxmulator.

Crude éstimates of the speéds of 16 blnarywdlglt romputers modelled after

. Hurrlcane and IAS, respectlvely, are. gﬁven in Table 3 9-1 alongs1de the

~ 1 LT R e N il e — e e e e s

summérized results of the existing values. Note that the 2elative

1mprovemen€§”ﬁ§ffer 1 because the former ia a ‘serial whereas the

— ~

latter is a parallel computer, ena {2} because the self»chechlng feature

et R il e e e e e e S SN DU S

—of thi -Af’nmn'ﬁ_wag —omEt ted e ST —

S — EEER S JEURNI ¥ U

o 7

R e

F
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Téble §,0=1 Total Qperation Times

| T ey
i i l . Hugricahe time {usec} {{‘

14S time {(usec).

e e e b PEEEESEOR aegs o {is digite* | 8s 38 | 16 ddeiter)

>
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it
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oo
3
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1
1

14 K
* A xB = C O | 34(3 R 1457 B gSO ”‘ lv2_0v 7 N
aiseo a0 | oas | so | w0 = -
Ckmcen | me | oam l.; o | :
ey ey ;WE;M"V;Iiés‘;’:‘ = q,fﬂj--__ e _;5 i U
e i e sir | r e = - .;3,;’_-"'*"** R SR — T
) B * Grude estimates B o ) .
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4. NETHODS, OF. INTHGRATION - i 1
'" The 1ntegra‘b10n of the d.‘.f.f’eren ial equations is one of the
.- o most difficulc pre'blems in the gal iozx of}the lig ht t{ainer equatlors
| ang ,g;r_;e on which a laxge aﬁio'uhtj of timér ih'e;s bee_n spef'nt. Howgv“_er, ng _ i
. - decision-has yet been made &5 to "thé“ oSt S ta’ﬁlé ﬂfét'od of inte~ ;‘M B
- gretion, This section cutlines the difficulties Cinveived in thé ‘;‘
{ ) in’cegrat* on,. giveg reascns for the rejestion-of ceértsin ,r_r:;ei:.jhgvti':se,—,&m‘- - E: .
) = - describes w modified Moulton methed WhI ?}i' fapréfef%i: p‘p_e“ar’s\io_b__e ] _:i I
_”‘", - A _,: lzneAmo;;;t promising. - S - - i
_ i; —V 2 L __"ow_- The dif_,.j.uulties whigh :accur ey be sutlined as followst 1 r
V - ‘ l. <here is a ;y stém of 10 nuerdependenu differentia.l
== st i e - "é};uﬁfij-‘i%ﬁ‘éj“ ”"M SR s T ' '
T é: ¢ o P o :‘3 The dérivatwes are given by complica‘ced exp*'essi:cms J
'L - : 7 B ‘n: he ev»luatxon of whiich occuples a mejor part of the computing time. —
R 'f ;-“ Ses for - ;samp.f.e Subrou‘clne I\nO. 3 -
R sg These derivetives_oohts i*i;_;‘_g@':r;‘_;g",_cle_p_é,_v:,;ij_g,.'Q'r;.f.éh.e'.. S
o 7 7 deﬂlections of the control surf;a.cesg be 5 65; ete; and other P”O't" - S
ST T tmstrictor-ntr sduced guantivios, as well o terms fndopontent of
" -:v m j:he pilot and ins‘c:f':ator. The terms indepéﬂdent oifmthiexpilot epd 00000
S -_J_i_n‘szr_u;'g; | are in ”enéz—'al :nat}::amatically wéll-behaved, but the others ” - -
‘ :’ . : ca.ll_fsd the _(5 ~terms are unfortunately 111-behaved. 7 e L
o - ) M_ Q e 4 Various eéuations are cha.nged or partially changed
- SRR ”dapending off whe‘::her *the airpiane 1s in the aiy 6r on the ground,,
“ ,’ ,- in 'normal ’91' S't_a;LLed fli‘ght:, and: the ]:ik,e; 80 *hat any integration ,
}‘““ ’ *“* - Bothod ysed ST ] nc.le ’chese 'cransitions proPerJ.y, ‘ T B “m“
i:* e o ) o I ) I B
‘ - oo % - _{ ' S T _ 'r"
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S, We are goncerned with real time simulations So that any

LY <3 T

integration methed using a veritble time interval; of an indefifite
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nupber of rapeated operatrong w%loh resilt ih e non~uniform total

T8

compumtfwn intervels is ung sid’t_ahle;

In general the discussion will be confined to the,siggle

S s - - FEPferential equation X B £ty %,0 ) 8F eVen x = f(hx)a whers"

knowing ¥ then'x;+l is %o be found. On occasion it may be ne= —
> n+l1 : , ' ]

- e8ssary to note oxplicitly the existence of neny squations. of ‘the

2o

. m i“;’f%ﬁtg %yt '6jt; even theu, on account of the OOMPIGXitie"Wr D

«

of the problem, the profuse notation may be Gontracted in_many placesﬁ;_—————a

. o *Ehe~;¢taeien-{§§7 is l1sted and _explained in P. 4.6,

T .- — B NI - - [Nt T Al

- - lxvmus; 1) Lept in ﬂind that this is 2 real-tlme simulauion .

: problem. Hence rapidity of solution is of primary importance. taking

-

prefernnoe over high-percantage acouracys WHO“e g method nf inte-

o gratich Cal{s'for computationvof more than'one set of deriﬁativee per

_ - - o

Interval it is discarded in favor of a method_;gvolyggg;;gggggfggﬁej7‘44

== me o ~ g"" ﬂ.-t’i’,.aﬁ‘:tlme bu.t onlv Orie' -ﬂe?i.'ra‘é- v Qiuaticnrf’; == - 7—'7:' e e :l

As yet, the most suiuc.‘me method of "‘?ﬁteg? é.t‘i:é‘x ‘Bass’: not been -

-7 R &

determined Hence the sc-s n hzs been kept brlef and shpald bp

N -

interpreted _only as g report of‘prozresshto dute. AA“»,F___“_,,M_i, ——

Nt o ——

Fl

. . R _ —_— =
e B

—== T ThE mos, importa.nt methods availe.ble are the fOILOWinS

A ?aylor”* seéries

5 The methed of Gauss : , .
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1‘ 5. Adams-Bashforth (&) by differences or (b) by derivatives=
!, - ) ordinates;
! "6, lioulton
| - N . -
| 0 "7, Relaxstion Tt T - Coo T
) The Teiyl°or'§ §eries. methdd makes useé of the expression
. — S P " - 72_._ ._. . . — ——— . R . .
h+l =,X. r _M xr‘ %ﬂt")i"?‘! 'xn *t e s . (4,]: - 1)
8¢t =% . - % = ¢onstant
< n+l n
B B This gnelbhod 1,3 ruled ‘out becauss of ’ch.., time I‘eq_l}‘é}f@g' ;bo comp ate tho
-Second and hi gher order de“lv;ﬁiives. In :any case it wo uj,d require . .
o &ggowledg of the: § -derivativesa whic’l are not é2.83, lv obta.ined. i
e Difference met:hods using Variablg’;}}fg_rva].; S
7 ’ (tn+L = tn+k-l ié ?m—l - t )7"‘7"7°h,°'s the Gg.' esian methogi cause trouble o
since) a time s1mu1>ation problem is treuted most successf'ully when
©ogudl $imé intsérvals are- used, )
,In the Rupge-fKutti method ' - B
L ‘)7 o _c xn«}-li:z xn + (k) o o L ’ ) o (405]'» = 2‘)‘
: where (k). = % [ (k ) + 2(k2) + 2(k3) + (k4)
R ~ands (L%)’h_ =—ae 1= 'ﬁ“t‘“‘f"f‘t#;_“jc; e -~—-i~:~;~ - “4
- . 1 RN 7 _Al_ 1 \ - &
(kz) = A% f f(t +3 AT) (35 + 35 f]fj;{&,];_._ e M
TS = BT TR <
o= - o Jl
““‘“ T ““(‘C )m” A% Ll ‘lé“‘ A~t}——~(,.- L 1@ g);‘}— o * T T i
e . k\ A_) At £L{t* A,_) Q_A(X -‘i 3)}H}A____.i:,.,_.r;~_‘_ : Ll . ;_ﬂ-__._“,_,‘gl
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Thislmethdd i& generally considered very accuréfe, but élearly is - Fery :
3 s Y =¥ :
A _ Complicated, It besomés even more so for a set of differential. equa= . .

|

|

\

where (x + - kl) ' (X) + % (kl) <3 ete. ‘
|

|

|

|

|

. equations and mist be ruled out, - . Sl

11’1 the Mi”lne Method, if X = f(x,‘b) and x 1s mown, fEhez'i‘_sA ,‘,,-_wm,_.‘_, B
' 1)k ﬁ;rst apppox1m&txon to x, . is fogpdzby B .
d::- ) ) ' K N - . PO e ~ R o - s — _ -

< x! = y | €, ) ‘..;. % X Y
Tpap % Hp  COW B Lk kg0 k)

=
>
+3 H
1
33
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- R whereé

(23c xn_l' + 2% )T i -

~.b:ll [

o Ty B (#h' gnrl’”ihiz)

VY B U ‘.,\ ™ m e SUROTUERUGRVRIS SN

L : i1y xa ‘i is substitntea in X = f(x.t) %6 find the correspondlng

L . LT~ LoTmELs S \\x‘_r

s . Volus of x' .. ' _ - * )
o : n+l i .

" 111) x}wl is substituted in 7
' _- ' S8t = ,' N ~ e B e e e v e e s e e e T B SV
. . xn-{-l x (At) '3 (x *19 1! Jn 3) 4 o (2.3 ) 4). - J
. ] wi_j_‘ 777777 e WHSTS - - = TJ_ R _— —

l‘( . ‘ e (x“ ]_" xni nf‘"l) ( n-.:-l,L‘lxn._,w_n-l? - - ——— e — ;

S— A —a — ot SR

-

‘_;frz' l'and x 4gree t0 deai*ed accuracy, the. xh+1 s correct; if i

R —*-thev -do- nOt B.gree'- —'i-n-ég,-en' "ﬂi‘ﬂn“—_zsxne‘.‘_':ﬁ;e_::f:‘j—,/\‘** “}'-L?- ugeds Note—“t}ﬁﬁ:‘.___ i

‘
eaven e

“the Milne method requires the storage cf both deerative-and )

x-ordinates, hence it wau dwsca"ded for s*mulator usé.
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In the Adéms=Beshforth Method )
. ) - 1
.- = e R ‘\'1‘ o 'i . . i
. Xn+l - xn‘ + ( A t) ‘Dl (xno .xn_‘j.' -” _?, xn_3'9‘ o o) (431 - 5) ,
whers
N ° L) ‘® . . :
R e = AL o i o o St -3 —e</ - - = - -— - —— e - - — ]
e Dl n,g xn...!_.;. xn_z n-‘S -uoa) = ”
) 8 1l =85 ... D5 g2 & 3 n-rgf . - e
g + F Kot = VS X+ 3 VS X o+ ..
Ntz VRt 'n 8 n ¢
v % T %p < Fney ‘
VEk £ U X v X X -2k .+ % a
e . VZ_x = x - .V x .FX.-2x X S - e -
n 3! n-1 n Ta-l n-2
Wk V- T xn- n " St %%hop T Taes
This method has the f"e‘ai:ui'es. suiteble t6 & reel time simulation problem,
nafiely only X need be compu'bedg there is a uniform 1nue1~val ,5\ t and -
‘the imtegration i~§’§=ismpf]se;,~ ‘Because it uses differences it is par=
T Ttieulerly sulted to ﬁaﬁf&bﬁi@d%é%iéﬁ} “However, for machine 2o ‘puta- . B
a.on it was_ dlscarded ia favor of the correspondi‘ng methﬂd whicp_*usei“l___ o
derivative-ordinatss. directly instead of differences., Thi:s* latter
-- methed is mcst.asu‘ tably called = Steffensen me ':"‘::od; It '£-1].o wE thern-ve
—— o N LI e e ————— e M e —— et — - - -
< Lol A4
&« - ‘ ’.u
- N N - - 9]
:he symbol v refet‘s to the backward differeérice ;
hus. Vxn, = 1 - xn-—l- B
- . - [ . [N R -
- —_— St - - 7& —_ e e e e e
T, . , ~ .
! » ’
e e o, _ _ _ i
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T 3
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|
fore that the Steffensen method uses the formula
| . ¢ : o .
H xii‘?’l‘ = Xn + At 1 [X ¥ X } 9 oee ¥ Zn-‘-k ] *(4.1 - 6)
“;: whare; + £ O.L e‘w.mple +
0, (). 1.= 0. 15 X %
{7* KX)U - "1 [xh° xn-l' n~2 ]
‘ : [ 23 ie’ L+ 8% ] O
— X, = 16x + BX 1
o __3_3 n-1 ° ""np~-2 ¢ -
In the Moulton method there is ' :
o~ ?_7uii)‘An Qgeﬁ"iﬁtégraﬁton by the Adams-Bashfiorth or Steffenson

Metﬁody 1,85y by use of a Dl or an 01;

_i1) & check on 1) by a closed integration D, oF Op

_ e 111) A repetitlon of Dp or 02 check until there is 0o ?hangea i
7 The use of Dy (or 02) %o imprOVe on Dl (or 0, ) is entlrely
v analogous to the usg of the Ez ifiprovement. on E in the .
liilne method, e@uaticnsuéal '~ 3,4, This mebhod wes used '
. ~ in computing the mempeuvres to ge discussed in E. 4.3 .and 4 4.

1
Relaxathn methods were discarded bedause by their very Haturé I
|
|

thev are uusmxted to a real~t1me s1mulatlon problem°

[ IOUVURRD SR S x o PRSI U S-S - N—

iﬁxt;alrattempéwta obtain gome of the advantages of the interative

“open and "closed 1ncagratlon procedure Just described and yet to ¥oid

.

the extenJLVe addltiona; compu tation, demanded in evaluatlng more thanu

—oneuder;x@téye per intervel, In prirciple the method oonsiqts of the-f




first three steps of the Loult O DR
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81,
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o

velus x' o1 by means o *f’the-opehﬁintegpation»fbrmulg 'ﬁei

(2) évaiuatlng the new-derivatiﬁe,xg.i and (3} guessing a more corfect

X”

il by means of the closed formula [0 (x)

lj . Here the process ]

for tné.inte;val-ﬁy.,_tn+r) is terminated, it bQing asstumed that

xrr

d i X
. 1 an X X

_ T +1  nil

fgllow;ng the*usenof'qz in

X

*nil near enough, Slnce the step immedis bely -

3)'invglv9§r ~use of 0, in (1) for the

- —————— e~

succeeding intervaly it Proves possible to merge thesé two into one

stép using a closed-and-open formuld dsnoted by O

‘The dpr1Vation of 0 is stralghtferwarda~

5

Th° steps (1),
(3) result in the squations

' : ;]
: : xd
‘ o . . a+}

(4 2 2)

"

n+l

[

‘respective 2y

SURUINE TR L Lt

S

" L 22N
= x + {90 (x
n+l (9,6

S SN -M-AnA1_~

k ' )

(4.2-3)

equatlon for fhe next interval ¥s: now

.

.’.(1

,

final formo,

SURIVERE- = P

_rL

R

Thass -

S PUUST Y—

e

RV

T writuen down & and, by meens of the above equatlons, 1s pgt into its

F

%
= “oEg

it

< [O (x) ]k A Lo+ [ (G %, 0 )(x)

k-

n+l ‘iﬁ—.

e ¥
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B o o for-example the Sedolid GFder SXpression k = 2 for O, foF the intervel E
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L (tar tpy3) is given vy L ]

b - e j% - si- : ' :

- [05(i) jn = 2% ~22'3 .5 K- e me i )
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_;_;fioef;;_iheés$iﬂk wag- assuhedftoshétefb*ek“iﬁ‘“c* Way * nat By decreased
: : Ay

1__‘___~M__A~-~—furmsu¢onsof"dynam1c equations and normalization of paramc te“ édescribed

in §8), to s»udy~thefbehaviour*9§ Hlhig modified'Mouitoh ihtegtation pro-
cedure (P4 2); ard to ascertaln ‘epproximately the naximuri permissable time

-interval snd fhe order of approx:matlon of a usable integration'ﬂormule,"
. - réw .
Finally, the computa aonS/llght on the dlfflculties 1ntroauced 1nto the

. solutionof the dynamlc equat1ons bw«pllot- and 1nstructor-1ntroduced.diSa

u oroceeded the conputatlons servad to éheck the trans- ’

t

[

S

o i s - = e

49

: 4¢§$?7§um~,joalv,ohputetiens é
Thlssparagraph is concerned with the numerlcal cpmputations perfonmai *5
throughout the ccurse ef th insestigation. The initial PurPOQQ»Of‘these g
computations was %6 %éoome:familiar withvairplane‘motion as idesalized by f;
48 Breo equatlons‘éﬂd to study the behat;othnf the berame*ers of flight. i;
3

fmre

=

e e NS e i T e s T o - T

The follow1ng computatlons were performed: B -

1) Approximately lexelfsteady’flight, using the given Erco

equations. F1l tght was computed for three seconds from an arbltrary tlwe

sécond lutervals uslng the Mbulton method B L

n

- 1
Zero at -

(2) Levelﬂflight, ﬁSing‘the’traﬁsﬂéﬁmedrequatibns. The computaa

tions picked up &b time 1,75 seconds from the prev1ous computatlon and éon-

. = N,

tinued to 3 seconds at é second 1nterva1s us1ng the Moulton me*hod=

(3) "Immelman turn", eeglnnlng f"om level Pllght at three second

,‘1iﬁearly with timeuat the rate of" -, 14090 units per’second- this corre-

t

i

o

LR I SO

sponds to maxlmum;elevator deflectlon i three seconds, $gmu1téﬁeously

£

thrust was assumed to 1ncredse by .. 0070 unlto,p r sé¢, Thé Immélman

+urn manoeuvre had ‘to be termlnated at ?ou ,ueconds besause the alrplane

Wwas found to have«reached sta11 The computataon“was —performed-ense- gk -

% sscond and onee at 1/i6 sécr'md iftervais’ us‘if:g the Moulton method, ang
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at 1/16 and ;/32*sepond intervals using modified Mowiton method. A

|
T (4) Iest roll: Beginning from level flight at thres sedonds, &,

was varied as shown in Table 4,3-1, and flight~wasuoqmpuﬁedﬁét 178 second

intervals-using-Mpultéh"meﬁﬁoa, and at 1/8, 1/16, ang‘l/Sz SGQQnd inter-

follov_i@d,g, Feturn to. «ca-; ter position =
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the report just refefred to.

&nd_silso by tg_ resy

i
i
b
!

Franklin Institute who were engaged in the study of pilot reactions o

simvlated but réalistic flight reQuir;mentsz Flgures 4, 3-1 and.4ﬁ5—

are transchibed from records taken by that group. -
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coafflclents of the 6«der1vat1Ves were computed as separate entitd QSItQ'V ' i

I, : allow;pho:ce_of real1s»1c_1alues_at themconclu31on_ofuthe,comnutahlons,~_.m,m“~
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The. celected manosuvres. and the assumed parametnr values are dlsplayed

in Tdble ¢.3-2 R T § ' :
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TARLE 4.3-2
: Inltlal Values Used in Gbia ining Derivatives
7 High Speed Immelmani: ~ inside ‘outgide immelmd:  Test
- - Manoauver “RoRY T TE¥ipover JLGOP - toop Turty “RoT
t<3,0625  t=3.425 .
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The derivative computations wsré performed to a précisich of only
| ;
' three decimal places; however, the intégravions Were computed to six z
. decimal places te eliminate round~off érror. For the Moultoh method; the
integration tormulas used were: )
T ) bpen integeation — -
s - - 5 92 e N 3 < ) 251 a4 2 a . P—
- - - =-Fx- %3 9% ¥V % 5=V %+
T b {*a YE VR IV R T EY Rty U k10
T e . - ¢ e B - 4‘:3"'1
= 2. 64027 xo- 3.8987 x_1%3,63 x_,~1.7694. x5
7 + 34861 x5, } A
{2) Clesea integration e
. 1 _,..-]-'_. 2 p - B
B o bx =[x B 9xy =35V oo
. , .= [.34861 x1+ 8972 - -
. Closures were repeated unt:.l the successis ge,*.'ﬂaiués of corrésponding s
—parameters dgreed £5 wvtnm O.)Ol (although occasmnally agreement ’co 7
" - o 0092 was aceepted). Nb more than thres closures wepe required for ‘any
B ifitei val encountered, - v - L S . -
e For the modified Moulton mtegrat:on the formula Us&d was
e ‘T“"“"‘“"““Ta“‘"‘ e”-i.‘S-S., COmparis§6n of Erco and ,gransfomed edﬁé’tmn;“’“@f” , '
Tabile 4.,5-4; Derivatives of ~f‘1ifght perameters for some of the selected
T Flight- condlta.ons of 'I'ab"e 4. 5-2 . 7
: - ‘Flgures 4 3-4 throurfh 8. -C aphs of Inmelman turn ma;;oeuvre : , :
— -—'—:-4f—‘ T ) . < - * oy “ '
L ?igures 4, 3--9 through 17. Grayhs‘ of test roll minoeuvde
. T P Y s e i S e TR Em““mwm-mmm
7R e ccme i m
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4.4 ] _Discgs;rifofz-; of Erfef '
This pa.ro.e:ra.m is devoted to a general discussion of w1l the
| recognized sources of error ‘encountered thrénghoub the problems
‘ ’ Since the '_m_anéreg;vre's were compuied to six deoimel Plé.@es whereas -{:hgl i
1 fterations ’:Wé?té} termingtsd with 'ag;eeﬁgen% to.;f?oug places, it i; reas-
_ go;: U}e g 15 assum? n\‘:‘gl‘ig’iv.,}a rouhd=off e’.zé_;o:g:;éz}c‘; ‘cu ey aro ig:‘czf'éi _:'Erf i ‘
- - o It was antd ig d t;hat the minoy qu:.,figsglons introducedr .
co S ingo ‘chﬂ _aerodynamic: equations-in se¢tion 2 Woul:i Jhave- ne#ligible n . _
effect on fliggt ch&r&ct;eristics;._. _f]}he tw’o sets of equations w’eif‘e._
applied to level flight.  The rééult‘s are tebulatsd in Teble 4,3 -3
T T ind ave fa fack in subsbantini ogreement, Comsequemtly, it is felt
\: St ”f”i— — ‘tnm-: for the purpose ;1- flight simulo.tion, tne trans:o}'ﬁied ?quaulons T j
i of P 2,7 are’ 'equ;ivalent to the given Freo Equations. - s
| . "The_. .eﬂc_’cﬂsox;.rce of error is the truncetion error ;Whi¢h~.i's-
S T = SroAnAeroht-T th?:f?--"" T ==
) S ‘W_hif,h &'e“ﬁé_fﬁ;bo’ch on" thv _»V_der uf appr. x4 ma.u.on, ¥y and ozl:alhe o ’
] ) o ‘solected time interval, ft= %ﬂ. ty is given by R
Lotz R ;, —, S E};;At T A s X et ](5) (At)k'*'z o 4—.:4 -1 : R
T T hERS Ty ¥ 4 constant, daponde Fert on I and én thé formuro usedy —
X(k**?) (E) = value of the (k+2) th derivatiVe ot the instant &,
e e “5;,5"“’~"~r= of (Undefermined) instent wi ?fx? the Time *ﬁté}”r'a{{_' T T
- l,,'_ (tn-k' -l") . | ' - -




- — -7 J
. B B a o N o !
4+31 5 .
Taé velues of a for the open snd the closed formulas-
4,3 = 1y 2 are tabulated in Teble 4.4 = I, Thus,. for example, the
R truncation &rrdr assecisbed with équation 4.3 =2 1 is
o Bz 0.8 xB(E) (ae)® (4,4 = 1) :
Table 4,4 . Truncation error coefficienu, Blce e
I - ~"..._. - i A v o ;:* et e — e
k 1 2 3 4
- SENSEEEs Easmen g s - $
. = Mb‘:_ eﬁ“ K __:_- 2" : ~95 - 7\,'ﬁ [ — . e FTTE
‘ P PR a2 I 33 - -
¢losed! : 2042 | 3 . Lolo .
4 = 160 .

Th‘a follow*ng three conclusions 4re & di*ect result of

|...n

equ&t;au 4.7A~-l an& tabls 4.4 -

- -l = - e - . - - - S e = s

————————eee—— T B SO - .

(1) the closed integnat

error is from f£ive. to fift991

(;1) the er;c; coefficient ak d30r6&869>810W17

} ,{-crder of &pD?CAIMEVIOH jndreasas;

P e L ST e

-0

o A(iﬁiy ﬂo?-any pﬁeassigned order ‘of inmtegration ky the ) -
Q N 7error increades approxzmateiy as the (k + 2)'th power of the
) interval, l.e. as (At)¥*2, In particul&r,.if the interval bé
‘ﬂoubled the error 1ncreases roughly by 2 k2,
- . ]

e o v o Y SN AR b T S R S S e S ST e )




Hi ‘S‘peed Ro¥i (Assummg 13;; second intervals 6(J)= o for all
* S 123 116's) . .
1 Paraii- Eq Eg By Ey ) E‘
I eter (Opﬁn) (open) (opn ) ) :wlose ) (elosed) (closed)
“uw | 00018 " ._QQ“O;."’ ‘oooaa‘ "‘““:’-ooooa“"“’* S0080L " TH8000
.. ¢ | .00220 00089 00008 .00042 00008 L0000 | ..
w | o016 ,00012 00045 .00033  ,00001 - .00003
i ;;’.g@jééésh_,g_ogg‘%_;_i@gllif_ f-_00013__100@01. +00001 —
L ;g-_, “q ;60640 05180 ceaﬁ 03186 — 08030 ,00005 1 |
) * :00180 00140 0001 -0003¢ 00016 ._00051 N
et Leele BE N ! ',,'6686? 00015 ooooa 00015 00002 ,&.ogob?m“"~ )
) a 00140 £ 00590 ,:éoori.s L0002 00085 00008 -4
- ) - ouoo 400100 0013% .00£20  ,00011  ./00OLO
B &.4-2!3 Tmmeiiﬁan rl.Lp-cver« wN ’ km' N 1 ,
o Aq,,, Lous1o . 00180 - oo100 oegae— SRR
S 1 F 100150 00130 " 7 .ocozs 00018 PR
T qrm ] ooee eesdd ooe RS A
o L o F e | .olz00 - oi4‘<‘56?”?”"‘ R A
’ 4, 4-Pd "Immelman turn" A i " _ ’ ) uw:: o
D B e S
P |2} ’.~o'<5<7>‘;i-;:m'00<;w - 06008 00008 ooo0e 00000 |
] - ?’ N 4.4-"2; —’;;;mgoll T “‘""" -
S R S o7 T R oy - ©00005  .00608~ 00008 i
| » | Loocos go0p | ]




[ e s W Nt 8+ &+ o L o i i e

On the essumption thet the -derivatives do not contiibute
appreclably to the parameter deriv::.tives, the truncation grror for

%—g second :;nt(ez:ve;; Lor selec ed integr: *L.;o.‘xs were com'outuad from

. ' ] the derivatives bf Ts,%wie. 4.3 = -4 In partlcular, alil uhe Valaes T

. feor the High Speed Roll were cofiputed and are shcwn in Toble

e S e e ol

) 4 4 - za, ths. 'vo*st casesw Immelmuu diipover and the inside i e

loop in 4.4 = 2by ©4 and the worst cases for “:;mee;ma'p fFurn? and

test roll (whish took account of. 0. And, 8, Jespectivelyﬁ) in

-

o . R4~ 2&,-e. An e;camin:a,tion of the table irdicates ruuuu- third

order open iutegration resul'b'a in mxim:n *or ot a,bout 1" =3

for tma 3216: second interval with clo_sare The error is furtner

e 1 reduced 5o about 10 4 The errcr in q" is perhaps an excepticn

in “the case of’ thle/.'{&! 5ids e.n& Outside/ Locp, since E'-;;if&;i,;xfy iax

= in tnis case. However, it is 6% certo.in that the artificially

chiosen flight condit g. ﬁs are phvsically realizable and d this error ’,e-,,,ﬁ T

e e e P e

may be b ¥:! sely exaggera.ted- computation of a portion of the 12 hosu~

. e . vre om ah Ligh=8peed calculating machi;ne would yie¥d o moreé ‘rgalis‘t‘i@

g |
T ) _ 7 o O
velue, i o - - ) -

e I |

In any event, it appears that third or at most fourth order

cioséd integration is accentable at Zi second interval insofar ns

16 oo R
trunca*icn error is concerned, It fol;cws that 't;he con*outat‘icns

(e = -

of‘ P 4, 3 by Monlton metbod with "lcsures, vhich were repea.teu until

- JOUSVRN SD N

To aetermine the grror of‘ the Ucdif'mu IV'oultc.1 methcd, rnota -

ne error inm 4,2 < I 1s the open integra 1on error dus .

| 6 i
) s

4'-&

& Fa: (x ;:“ P 4. e . . )
w6 10(3) 0, o given'dy a,’z € .33 - (Bt) - fat - 7).

b4 ("Rl

nm‘

-~

S

[rp— J_.Q__,.,._v,,,w- R A WStV S - - —-

O —— 3 e R B A . W e~ T S SR e e A, M Y N et e et e b i ywm—m— -m'
- o R T P a A  arT SE L T o s s S S B 22
TR et o et AR PRI, W Y, SO SN M AU -
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4-34
i . ' )
' whére 72(6‘)‘ Eiranr ls the maximum valme of k(s) in. the Iinterval
. o (tn-4’ t' 437 If 511*‘1 be assumed perfectly aGeurate for the )
T ] moment, then-the Value obbuined Pir + Wsgiven vy . T
° . x' 2= f (ﬁn.;.:l *. X_..- A~)_; T L TR T T I T T
o T R CF (e TP R A S ‘ e
° ~ f (‘tn+1’ lcn.,.l) "i"%{cl (xfll‘!‘j. - *n+17 -
S eE R taa < 3) - S
&0 thet the error is chf-n_d is gpproximately -§’°~ Thus, in
. : : equatio'n.. {442 =~ 3) the error consists of two terméy one dus 6
) i ! \ fomns = - - :”fl —“‘. et T = ey
T T the clo»ed integrat lon 09,, the o ;; .rj 'e *to the ’e’ii‘ P in x, ..
" Lo Firva“y, frof squatitn .-j; = 51 i follom tha.w; the full .
[ - s 7 - —' - -
. . error, ,ém in piocesding from xn_,. 1 to xn.,,g is composed of the
i .-ﬂqllow?i_‘"rig_nglji;\{me-ytermg P . e gt T e -
] (1) the error dve te closed in tegratiou Qo
; o < ey . e - L
N TOe0R [ oy BB, .
T e ) (11} the ei§0f 1x~troduced ‘by x, given by equatlons - :
. S 2,5+ 3 and 4,4 ~ 3 to be : T
o > : ~ . f
A W - e “ - ._19 5( 5.33’ ix (6) N ~ -~
- . ’ 1 5 , £ - ) .
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inspection of the differentisl eguations shows - ,g,t < 5 ’ N
. 0% .
always and for all perameters, so that this errop cannot exceed
0.5 ‘x(ﬁ‘?f 8)®,
max ' B
© 7 7 he third error is of the order of L

A

1
S - : e .._.__&;{‘_k, SRR SRV ka | , e ——
R - A = 1.8 2 ANk 3 -
: -y

T e T o i u,.__,_;,;;”?,“’"_?"‘:—-’?ﬂ”_ —"'Z't'”“_“;r?—:r’?\— v"f‘: =
= - » :_7 o .- 7 7 -a3_3— *(,A-:t,}?: - 31; ‘x v':iima,v - :i.xn(“s)!min% < gz(7> 'At‘! .

&

-G T~ 7"— plitte A 3 _ =

- : s s -

w° " consesbently, assuntng neglibinie X7V, T

o éin? 5 ('02+-3) ig(s)%‘(ﬁt)6 + 23{(7) At7 T

RS S iy ~
7
¢ A 2
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Tabls 4.4 = 3 lists the naxinum errorg for the first
, —-— A
| 15 setond inteival in whieh the modifisd Moulton method wes.
. - applied ®o: tuc "Inunelma.n turn® end to 'bhe *&esb roll. using :
— e e - '“’e"qﬁi“ﬁ;‘ap 4 4'«- &, At the same ti_ﬁlg the actual error (diffe»rence '
. _fromthe it rated Mo liiiog;;me;thg\,d);_i"s‘_neaoraaé;a Tt fs-clear -
o from the table that the errors incurred g’ﬁa'a’tly ex6éed the
- e‘.nticips'tted« .maxima,_ It follows tb_at the tmn _:j;on, error is- B
- "—fi ) o m 7 n.oi:htb.e gnlv scurces of err z:; jin -az:y';-;, it w:,:}':e:a;ﬂs th_a.‘b the
truncetion -.err’-ar— éf' the modified Iuou.;ton method is hot large
- b enough of j.tself to Have introduced 6XEeS sive error,

- [ U - T
‘.:?_K - 7 . g 4
- ST ) L - = _", uruncarlon ror. . , e o

N ) - ) qu?uﬁe_d,, I E
o , . Manosuvre Pa*ameter Actual Ver"ro'r Moximamf - A
Iimelmen | @ ,000,8 000,011
. turn | L el s NP, R
, q »016,3 .000,03}
) .4 . .003,1 . .000,05° ,
Test P - :
o roll r 002,06 000,61 N
: - I R T T e
e - THTEET o WO ma—n,wna;; 'fsc’ ri3es of orr oy waich adcount for A
. the failure of the mod 1fied Mouplion methed et _1 second intervaly :
- i6 , ‘ T
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T™hé Tirst of these has %o do w‘i_‘th‘p::il.qﬁ Qéﬁ instructor :Lnfovmation.
It was poimted out 4n P 4.5 that 6= behaviouF can be ra;’pidﬁ:y %.i‘iiix‘xg \
) o ‘or dissontinuous, however. the effective&a- behaviour is dmnlicit 1
. | . in the approximatiog f?_mfmla utilized. For exam"ple, in the case ~  j
B of Vaj _s;ep d:.scontinu* ty the 8- beho.viours implied for first and = q
T T (gure 4 - 1 sad for snall ond Jarge’ |
' - integfation Being aessumsed In
:‘ e = e ~—"~";c'othr cassE, TWier - khe :.n‘cegration s open, the’ 1mnliczit f}? ‘-if_f;;;;
7 l A behaviour is determin\-;d iv;;;i;tgzj;;&ﬂs’o;;hat 7the VE_‘,- 7eu;:eﬁf
T ‘does not even pass through the true value of & at time \n + 1), ‘
o Thus. the implted ‘ourth-orde o—behaviour ‘Ain fhéwcaSe of the :I'es+ e
o | MRoh is shown in Figure 4,4 = 3, A method for reduoing this source
T T et ervor ds suggested ta P as,
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The second Source of errof is the delayed propagation
of disturbonces throwy; h the paramsters; this is eguilvalent %o
) the error caused by compliance in an ahalogue simuletor (sée
R P 3.,3). In the case of the Moulton procedure, the compliunce:
" _e¥ror is elimlnated during the 1terativns, in fac», the major
- purpose. of the many closures is to permit the primary ddstud- - - -
bonce ¢ ,omputnd by-the opan integration to filter through and
iy _ -. . execute the éecoﬁ‘daier' stu‘bance, .—-—«mamp.;eb La*ken from the T
' ) “test roll ¢ompubtaticn a*é Jiov&n in Table 4, 4 - 4, together
with the corresponding results via the medified I&Iouiton method
5 N (a1l ot 1/8 second intervals),
e - e ‘ , . ' s .
Table 4.4 =~ 4, Test roll computations illustrating
- - - compliance error,
X Para st Youlton wethod; time and iteration :N"diﬁéd: Moulton
S I | P nimbsy ’ : e “‘em’;‘"a_,iﬂfw—' ]
e e -'._«1!‘63@,*“3?:~_-Ar—~ oo “ - ?‘:ff S - =
[ T NPT TS PN (s S | S T O | | IS N A
G- =l | 3= =2 3-,-» ”5 - 3= #) | 3% -2 | 33 -3l %= - B
I 8 i BER O Tt R
Pl oo f.uo ] 20106 7,'0903' L0509 | .0s74] o f,0940
r 0 }.0022 |.09g1 |} .0177 ] ,0i06 |,0110 6 Loieg
a0 0 | .0038 | .0319| ,0449 | ,0328 o | o
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‘From Table 4,4 = 4 it &5 evident that the fipgt fteratien
{5-almost bat not quite fully effsctive in computing the unpre= :

digted behaviour of 5.‘{3 én p end ry two of the perameters im-

mediately effésted by 5= hehaviour, On the o¥hex¥ han?l‘; '17‘47 s T
only after the alteration of p and » has ocourred cha.t the re= ) “
sultant effect on i 18 obted @dg(dﬂﬂy; bhie fs be

s eniy #rdirectly dependent on 5 through p and/or r,

M_,k_ir_p;;‘ip,lifgz_l_; e alter ion of the. me'bhodmﬁdauegm{.mx. Bas— - -

0] P —

-~ besh-suggested; and “initiay ﬁealized computations indicste
that thisvtapprbe.ch shows promise, Insufficient time availed to

study the néw method in any detmil,
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T lenigt .;Qf:’iime requlrea to pe bm‘ ond ¢ ‘rp;ete c.ycle of computatmn.

5 PROGRAMMINiG
The efror introduced in the integration of the kinemstic equations

is proportional to some power of thé interval faé;ppte ; for example, if the

-
y,e values of x be

[ PP — e onn e

interval T8 A% and if a qu adrature formula using fi

g

emnloyed, “the errar ='s p*‘oporiicnal To -

La0na {at}"; (see Pi 4.3)., The interval

-

ower boungd determined by the

- ddopted in a réal-trimé é'Mulgstor' has 5

Pt

e . VN e e T

annroximete value for th y‘,m m‘izerva'-‘ Ehe

In order to b- ain an ap

equations have been ﬂpzfgg ammed in thelr entir ety using the modsfied

crease the amount of computation by tThe method of straight 1ine

;..'..\

line &pproxise-

tions de ’cr’ibed;. in P. 5,1, and it iz probeble that further gains will be -
madé by employing the minor cyele tsthnigue outlined in P. 5,6.

The program chart used for the display of the routine incorpovates

of our Knowledge, are novel; it is possible

" T R
&3 GOV

c}‘
Ea
CP

| * -

to coun’c the number of operations im the routine and ai the sazre time it

was found tna* the flow of ogera’t;ipg' i r'ead1 iy f0110v§ed, The rze.gu,ired,

=3
-~ u ® - - . v @

 memory Spéce may also be obt‘éine@ from the chart

in this c:as,e- th‘afc there are no du’g’.‘iiq tions in d¥fferent subrout ineg snd

yauntiong woare- om g % '_Q;

a, s T 356
AT A &4

ed, T 'a}px—u&‘c@ chiary is given ’iu P52 - while tné

putiber of cperations, the': n umber of memory locatmns -and @"‘3,‘;~1Qa_'s;es of the ...

cyele interval ave given in P: 5e 5,.‘ 5.4 and 5.;"5, ;\e.spégti?»ré:i;y.. - bl
ERS . " “ ‘ ’ ®
i - - - o~
! 3 1 <7
T - L. .
, .

‘Moulton method of integration (see F. 4.2). It was found possib le. deAw__- —

e i s e ki

3
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5.1 Straight Line Appreximstions o
: | _ THe method of straight line approximations takes advantage of the
. compate (or transfer) operatiorn to scceléerate the computation of fune-
- tlonAss;t fu-nf, ~exp¢r;se: czqer*a:g space The prinsiple of the methc& will -
be. .e;;ila;iged‘ through the user of an examnle as ﬁdl‘lows'::‘ i
A Suppose 'that it is. requ:.r to conpite e - if‘ér’-@ g %€ j;—.::i-it"g, an '
) ) accuréfy of g =0. 001.\ One could concemably use the series expansxon
NS e U NI
Noue »h ‘.1 eight terms ar'e .;ecessary to ensure the deszred accuracy

. EP PR

- SN — - - J

— ﬁ,zfpr_; = 1,55. “Po. compute e~* by this equation w would require (1) that the

umber 1.3 be accommouated oy the computer and ( ) that tme be ail,ott‘e&,

to perform 7 ’nultlplicatlons and 7 add1t10ns, both of ﬂhlch are‘

T ©  undesirable.

'

'-.

S, T U TSV YU, e = aD i i

It is possible to & mmate both faults by replacmg, vouation .

= = L1 T s e e =

5.1 1 by a set of lmear approximations L,, Lz, TLas eté, .Ln part*mﬁ;g;-;-,

R - R - - K - -

let Iig apprc»xlmate e~* to the des;red ec uracy ever *i:he range x €0 bo )
R - tne (as yet undetermmed) value x = a (sefa f1gure 5. l—- ). Then 1t is -
7 required.v(l) that Li pass through the poist s [0, l-g}; (8] That 1s be-‘ )
Tungent. R
LT smee - e R %
. o
e e e T o s T e e S e e ..::E




R - - R L i e Tea e

%)
A
&

less thgm or equal to a’, the value of x at the i ersect:.on of Li and

|
|
|
\
. to the curve ¥y & =% + g at (¢, €% + g); and (3) thet a be. chosen to be
|
|
\

) the curve y = e « g Thus if L, be given by

‘ o - ‘_"‘”"I,;“E'if =mx +b T By T
- ]
L . . N R N
.  theri = and b ave obta :
L N . ,
B - er ' (52 1-3) - |
LT T g wys B S
‘ - - - X 1%___‘_" .z = —= - - ('.. L 4”)"“‘“*“‘“_““ - e
S A . - ——
and-a’ is obtained from the equatwn '
R S Tkl et & ‘*+ ma’ +Db S S 1 s - O . —
I i, -It‘iséas::g iéf'\fi?é"z } t;k‘z;ti f;}#{ﬁe_ ca?sg v;n z{leiézzon, L» is fnggt“l—t;;; S
B A v = 0.9990 - 0.9375x, OS %% (_},,‘.‘130;‘)‘ ) (5, 3.6,\6‘) - l
) -~ ,: ) ® R . B - 1
- U S ——
= TR . e T :
L . Beginnmg a't % O. A305,. the process is rmpeated to obtam 4 |
o _ .
- " Le: y 5 0.9837 = 0.8196%, €. 1305 £ Xk < 0;2695 (5 1*7")*‘
‘ L Lty =0.9541 - 0,70%%, 0.2695 £ & < 0.4188 o -
1' - B ‘»‘;«x.‘“;; ‘- - ‘ é{éc‘_ . B ’ ‘ _ ’ S 17_7_ B °
In th:os manner e =% ‘can. besrepr,eeented by e‘-ight str‘aig‘ht, ‘1~ines*, each iine
P S ~ e . -
) ‘EQ-;;;.*} & two. numbers for its def nltlrn, the set of lines requ:.rhg
. - geven (or at most nine) add:.tmnm numbers té4 define their ran éis ag .
13 e aem e bl . - T PN i T e R o - * = e ez e 3
‘ I - shown in Flgurc 5. 1-2. :
T DT m Il e i s i NP . eV GNP S e o
) ) I L
e e o o e e e B M s sy Rl i B T i o e
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Iai 1305 Le «2695.

T f i e e +
- O Ly as Lo &, By ag g, ag ay ag

-u P s e

- — - To determiné which lme is t6 be used in a particular evama R

of €7%, tha procedure adopied is outlined as follows; and its c.oi::!ec;tn'es,s

is easily verified by trial: , - S

EN - -
B S-S . . P e - - L el e
X -
e RO, . X PR 4 N ) P wer - i - -
- X7 Ft = vc!“"uxq arg =X '.'.'1"5‘11—-&7.;——‘ T e T L e T e e

Ko . | R 1 1 s ! . 4 P e
Step 3. j%<ay | a48x | x<&g| @afX | X<asl @8sfx | - x<ay . avf?s R
e - Bbep4ejUse | Ly f—=Le-t Ly -{-— Ls | Ls - |- -y “’I""G“,""f' -
Lﬂb : : ’ ’ ) o

Clearly, the number of steps md the computation t’ime, required ?5,;"1116‘3-

_ end ent of the magnitude of % T *-ee compar:.sons followea by one muJ.upJ_

I cation & d 'n‘.r, addition guffice in every case. The net ,s'avifng o‘ver . ,—_,7,\,_+

1 . ‘; , é,quatibnl5. i:i 1s then at least 6 malfclp ations and_.zs -aAddAv;lons. ’

o {} Tr.-.'e merthda nas bsen fﬁid’rcate,d ‘11; the l;;c;;ammé—?ny ex,iAa.*uai;mg-

o - o-hk’ © by means of three 1mes (see subrou ine I\Io. Nine, P. 23 7/1 *ffowé-vvé:,‘; ,, -

L palel a’r,t mpt hais been made e apoly the methoa *che ¢ in a pre¢ise mavnnerv

o R Sincé therﬂe‘” is as yl.et_zin x-;av +o &gcxde Wl"vh what a“’u‘rénjy‘ ‘ch:—“; n;;l‘tui:-l:_ T
o . .

~* . 'need be evalusted, _ _ 7 : s

1
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5.2 Program Disgiens
Iﬁ:gfds; to &etej@ipg th@ number of arlthmetleaL Qperatlons and
the number or memory positions requlreu for the solution of the flight {
I tralgegqqu,_ﬁcnsJ _the- Eﬁnatlonb uaVe ‘Yeen programmec for_o hypothe tical ,jg, _d
R dlgltal ccmpunnnwu51nr_blnarv_representatlon of_ information. This com- &

ions of addltlonu

and divisigg, It also can perform shifts
*prlnP R d,vidlng by & power of two; transfer 01 3
5OBIEI0A Yy BSSTHET {vhismey ¥iss BemeToT T

accompllshed in other ways e, g. by addltxénfwith 2erb)3 comparison of fwo

these relaxive gizeg (so~called "t;ansﬁgr" QpééiL,J

quantities to determinz

end to éxtract magnitudes of signal numbers.

meory pb

<

ons are

¢

asci
b \:’,ﬂ-zr'\

o

ka

Ak

ey

all o

nts and varlableg. The

(Analogue) magnitudes provideu by the 1nstructor or pilet,

61" -KE’ ,,été- .

equivalent of the analoguewquantitieﬁ.'

such as*Qa,

3

are glso assigned memory pesitions. Thesge § memory posi-

tions éfe filied periodically by converters which generaté the digital
'Tovaghieve eqﬁipﬁént economy it

mlght De deéiiable to nse only oue oUCh ccuwcrter w;th sw1tch nm,devices

e

so that these memory p951tlons would be filled in succession throughout a

computing~cyclew However, the B the progrmmung

_"date line".

et o

gSsg@qs'tﬁat thesé 7 1

memory n051t10ns ‘are.. f111 d-Siﬁﬁixanedusly at the

It is not yet defini”elv kmdwn whether or not it would be

St vt T Lot i et

preferab e to f;Ll these memory p051tloas at any otner tlmes.

[T om ..v..__‘___.__,“u_,_. [P =ar

[PYE

N e

-

‘ Other‘memoﬁy-poj 35 as store quantztles vihich must be converted

B N \ ~ L X e Pe -

| - to analogue information tcroperate ‘external indicatihg deﬁ@ces:suqh as .

iv’ B - N ' T ' B
PRt e Lo e e e e — D L - e o “a

[N B ~ - = B .-

’,’ - : I B L

A S , i 3
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_£light instrﬁments, thesd aré read perloqi ally for their dontents S
£ Ather 0t the date liné or at some othertsultable trme; The mouv sultas
B ry

'bl° tirie has noi as yet been‘uetermlned When any memory goswt on is

*ead fo; its contents, its contents are “vt erased. Erasypre occurs only

cleared %o zero. : L L "

Computations are imsgined to proceed in order, that is; sequeniiad-

performed 1d O ther computa ig:

is being

ive

1ys Thus when any 6ne Computavion

‘being done. This is becauss electronic digita computers (at any rate, T

gt
L]

those built to date) have only one arithmetic¢ imit with its associated
. el YN pa—— —

“error detectlng eircuits. 'To perfbrm the Qperatibn of ddltlon, for

e I ol (e 2L p— =

[ Lo o

&

- example, upon two numbers.Aand B, trere must be an instruction or "order"

available whlch specifies the memory location of A, tne memory 10c¢ation
.of B, the opefation of*adaition, the memory location where A + B is t9o

be sent and, id sqme computers, the Iocation of’theznext,order to e -

éxécuted. In sofe machlnes € the Harvard Mark I9 the orders are
usually drranged on a "sequencing tape"” so that the~lacatfon of the

next'orderfneedfnot be'3pecified. In the,MSAC &nd EDVAC cemputers, the

. e oe F—— VU VT S
T N [P ) —_— = > - o=

orders are treated Just lrke numbers and all thc 1nformat10n ccusernlng '

the looabi o of the operands, the resalt” ety thw type of operatlon i.e.

. M e

“the "addresses" and "o rder type™ if an orderﬁls kept togetne in & memgry

B o F e e —ame

position, So that the order must contaln an address specifying the

o e e S e e ST T s e e

e [

locatlon of the next order. The Hurrlcann macnlne, however, requlres

. P IL_,.A _JL_ e /..‘-. - v Al e I8 = S—».___~_J_'.-—.,c._ e
T T T an D pagpumge

two memory pOS1t10hs to hold an\or&er. /Wor A e re‘ustawled dl :

seekmctlg 37 : - Teme T

O o e TN T P T o e et e T N T e A AR




e € : o e

Th‘ equations 6f motion mvolve, ‘ in a%ridi,fion‘ $o purely ‘ari:?_lzhmet_ii?
1 openatmns, l'mwever, the; operatAlon of integration which COI‘I’eSpOIlU.b to B
- :the.solutipn'éf a set of fifét\ofder‘ﬁon-linear'gimultaﬁéous differential.
j o equations: Moreover, ;hesé equations contain t;me;vaLv1ng parsmeters CI s
j T whos¢ behavior is dot c“éx‘fxtpiételsr prédictable, A method of reducing the o
o _epproxinste solution of these differential squeticns to. pure nume
1 goﬁbutatio;&.'s s described in Stotion 4 of this feport. Brigfi;}, the .
»” princlple o: the method is ithe f\éllogwiﬁg.'( if tne va'l ues. of 211 the
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i_ﬁ o 5.3, i‘ﬂ-:m gg :;?AJ‘D ,.L&TQL_I.;& .
- R B
‘The nu_mbgr of &pérations perfo :_ned in each compu’c_;ug cy"Je
depénds Gpon many thingds For exemple, IF nz,’ & plafie s in Fiighis
-3 B
i the numbsr of computing operations in & computing ¢ycle wi 11 dépend
gi upon the aititudés Sp 7 Ar 'e_,.AI'T;‘-t';J'.??:éit‘) dlfferen\
E flg“ur will bs ot ‘?130 3d, and 56 Torth.
1 T It 15 thought et this wil} halt gt the end of
5;‘? - _ . 7 each c; mputs tiom :ycle and will be 7:§7-‘13ai5-’ced ;;;;é.iﬁ. by & signal .f_r‘ogi- )
Er a ter*ral ¢lock which occurs at a f-i_xefi répetition rate, the rate
3 7 o j?g@s_ﬁﬁt@t&@_ y theé A t used 411:1__ the, inuegrat ion f"ormula. 3 T?,gs .’cq
l - t 7 _m'a*i{sv sur; t‘-h;a.‘!t-;‘ mpu‘;atlon; ?9}‘ one _‘g‘:_ygj_;u} f‘ ﬂc Irljg;}i?ted -b-:-f' "ore. ﬂi"
next s*tar’c pulse, the machine must compute rapidly: enough to fi'ush
- rthemlong._esf’é p,‘o’:ss,-ible computetion routine, )
T T £ reforence 1s made to the flow chert in Seation 2.7, it cen

¥

. be seein that thers are a large number Of poss;biljti 8. ‘Con$ider

-7 first the following é&sésrl~293g~5:10=11-15v9ndl§2~3a*5*igfiiaié—i§?
J Q it is proposed to show-_rrrxowrtha;ii they shqgal4d:, not eccur; 'Talgej—off is
- 7 dmplied by esnt g‘j,_ 5 Su-‘oréjﬁi@_é Tos. Two when "Zt t,:’_ Ao It follows
that ﬁ-é@m};xi—‘t@@ iR Subroubine No.ThTeg shouid be posit uive.. HoweVer
2 - ST T 3% BEn B8 Shown, that \n' £ O, “FHoli Subrouting ’szx‘:‘: Fhree. - oo

(_hj = Bul, + (vm3 + wns) T o (8.8 1)
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of. the remain ‘Lg possible mmpa‘caﬁi; 15k sequencés is shown in Figure

5¢8 = Lion ths ful,lov.ung pag;e.

e et ae e mmimee e e e o LTI S B S NI S P _—— e — s e - O — e =

:
|
1

|

|

!

b
o

|
|
i
i G AR AR TR BT NN

e : - d ‘ -
- : R . , _




I

i

kY

~

Operation
Q T > -y
seguancs
' N
I=Z8+59=3=9 -
1=3a-3~9
1536-8=10-11=18" -
/ wJ (- a 333.:“16-‘-1'1 ..\,15-1'3

~6<8<11-13
-6-8-11~1~*1&

F‘PJﬁ

!

NNC‘»J

|

il

bt
¥

00 - l\
{

~5-6-8~11-12-13
L L2rg-5-7~8=11-13
1-2-4-5-7=811=12-13

-4

-4
-4’b~b-d-'i-lé -
4-5

4

. 8% 123
2. 123 .
N h

141

Fiugre 5.8 1

X

L

T~

laximum Number of Operations

147 slg
146 -

ig1 -

g oaty gkl e
I i

- G 0 O O
B0 QC & G

67
67.

i

;

!
i

!

|

69
89

nogr w2 =,
GOy

gz,h

%)

. 5‘.‘.":
R Py

~&

22

28
22
Shaghs

[a)

R

22
22

101
126
135

50
59
50
£9.
.40
49

Shift

(]

g b
Q@ Q0 =3 ¥

28 O

28

0

{

qubﬁmxuu
e 1 s ALY
|

i

R o e S L N S O W




} T B _ T - ’ T S — T -
i B . i -
T - T - - S » -
| 7 B e ) -
:? - - 5-25
! i
I E
: : c
P B
, 5.4 Totel Lemory | | .
T The sumber of mémory positions nécessary to store constants
\ . ’ dsed in ‘the GQmp@tgétiﬁ;?S is 110* \
L , 7 The number 6f méb.ry peosifions neceasary to store i snétafOtQF, 7 S i
and pilot inputs #s 8. ) o - . l
The totel number &f ingt;gétibﬁsr;s-n2é2& In theghur?;cane )
) : Tmach 2y the number of memcry positions requived to hold the in=
structions is about twige the number of instructions, 2464, TFor the i
. hypothetiscal neohias dessribsd in Sesiien 3. évtnewnumber 0x>ﬁ$mqry ]
pooitions reguired fc hold thgrinstfuctipﬁ; i; 4 times thefnuﬁberﬁof
T smsbrasticss, asz. T
v @he‘numbgr ofimemony positiqnéfnecesﬁary to,sto:a'inﬁgrmediaté'
ffiféﬁga;-ﬁ:#;;;;A;;Q;-ivéléésg;,d&wﬁggé;ed‘c,mnutafion 1s. u;f;wv;v o C 7__;;:: L 4;- |
L ' S ?b&’nuﬁberfof'ggditiénél @Emory positions needed to store
o - = | intermeaLate vmlues it the st ‘fa‘tinéém and to stbre'€He variubles -
{r §s not éXactly known, hut a gcod Lnuer bauﬂd ié 3685, g;;&; goouiléﬁer -
bound is 173, Thus the total HBmOFy requ¢rad %gigiﬁurr;cane type
¥ meching ¥iss SOmaWhere botween %768 and 896L. abd fof the h:;f?@thetliaél
. - L , Y -
S “; _ e mach]_ne of &ection '3 2 lies somewhere. .betWeen 523"2 9-"3‘5\ 54?4-
o / The above comments are summa‘ined in 1&815-9.4 *‘l‘gﬂ)the -
followifif pagé. W ,
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Ce —  Constents T Lo 110 '
. Inputs- 18 : 18 .
Ce Outputs - - e :
’ - anstructions 2964 4928
M Ad i . _ : - - -
Veriabies 173 -~ 365 ' 173 - 365 7
- Workirg Spacs 3 +
/ Total 2766, = 2960 5232 - BhR4
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T 55, _Estimated liachi iigg ’ )
; * The tlme for one computation cycle using the Hurrigans ma.chineg
S | .‘ is 0+22 secondss
: The tihe fior one conputation cycle using the hypothetical
N digital fachiné described in %ﬁfa."ﬁ,z'is.o,le secéndg.
“ The computation times pésssn%eﬁ'herekwe?e‘&rri#éﬁ.at by wsing
- . . Tthe I.Qnge,s'.t_passibl‘é.‘rdu‘ti'/n:e;-a; 1-3a=3=10~11-12-13 5o sgether with the
» operatlon times Tisted in teble 3,9 « 1, "Thus théés~tim@§;gr§ the

most préﬁable timed for computatlo in the Iongest Gomputation "yGWe.
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Nots, however, that no advantage has beeh token of the saving inm ex-

, L by (a+BY + Ca T -
oa : 1».1‘10 G\’ le& o . I
— In the computation of the VarlGuS wubroatinys. many quanti**

N - - may Bot change apmreciably through one computetion cytle, Thus ?he :

| " possibility suggests 1861 of deéreasing the total computetion times
. of Fara, 5.5 hy omly occestanall; r computing some of these aiowiy‘
T Yaryisg quentities. T e 7
- T For esaiiplé, 1T % fised b Computed Only every othier oomputation— -
- cycle‘ ggmgﬁhihgﬁé}gg,éqthqg“ﬁ gould be vomputed” in alaernate cycmesa

oL o . S o ) L . , . T w_ —
A I the quantitiss suoh as Is 1, ¥ &need bo computed more %han say ‘

ﬁ%.! . ‘ o every ten compatation cycles: tg;n 1 mlght be 0o Pft§d in the lirSt

: ’ : cycley iz in the neikt, @ 1n~the neKty, ehd & ia the nexti ﬁhe“@éﬁsﬁﬁ

s T : bilities ake very great. However, 1t is nobt known at this time which ]

. k.
UL u«,e"zyp-

to inéiude Linor cycllng in this interim program n&c b éleke be er mad
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